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Tlie  Naval  .^ir  Systems  Command  Contract  NQ0019  -  72  -C-0299  for  investi¬ 
gation  of  ceramic  materials  in  rolling  contact  bearings,  was  carried  out 
with  high  strength  silicon  nitride,  silicon  carbide  and  aluminum  oxide. 

Screening  rolling  contact  fatigue  testing  on  silicon  nitride  with  con¬ 
ventional  lubricants  showed  excellent  life,  greater  than  M50  steel,  at 
comparable  load. 

The  friction  and  wear  properties  were  determined  for  silicon  nitride, 
silicon  carbide  and  steel.  The  coefficient  of  friction  and  wear  rates 
are  nearly  the  same  for  steel-steel  and  s tee  1  -s i 1  icon  nitride  combina¬ 
tions  . 

The  corrosion  resistance  of  silicon  u stride  is  excellent  in  hot  Type 
II  turbo  oil. 

Th c  d i me ns i on  a  1  stabilities  of  silicon  nitride  and  silicon  carbide 
are  excellent  and  do  not  present  a  problem  in  designing  bearing 
c learances . 

Full  scale  test  bearing  rollers  made  from  silicon  nitride  fractured 
during  final  shaping  by  grinding  and  new  grinding  techniques  are  being 
developed  for  additional  roller  manufacture , 

An  extensive  investigation  into  surface  damage  by  grinding  indicates 
surface  preparation  techniques  are  important. 
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FOREWORD 


This  reporv  covers  activities  carried  out  by  Norton  Company, 
Worcester,  Massachusetts,  01606,  under  Naval  Air  Systems  Command 
Contract  N0001S » 12 -C-0 299  ,  initiated  to  "investigate  the  utility 
of  ceramic  materials  in  rolling  contact  bearings".  The  work  was 
administered  under  the  direction  of  Mr.  Charles  F.  Bersoh,  NAVAIR, 
Washington,  D.C. 

The  following  Norton  oersonnel  were  major  contributors  to 
the  program  in  the  capacity  noted: 

W.  M.  Wheildon  -  •  -  Principal  Investigator 
H.  R.  Baumgartner  •  -  Failure  Analyses 

M.  L.  Torti  -  -  -  Technical  Management 

Bearing  design  .and  testing  facilities  were  supplied  by 
Federal  Mogul  Corporation,  Ani  Arbor,  Michigan,  48104,  under 
subcontract  to  Norton  Company, 

D.  V.  Sundberg  -  -  -  Principal  Investigator 


v  i  i 


ABSTRACT 


The  Naval  Air  Systems  Command  Contract  N00019  - 72 -C-0299  for 
investigation  of  ceramic  materials  in  rolling  contact  bearing 
was  carried  out  primarily  with  high  strength  silicon  nitride  and 
to  a  lesser  degree  assessment;  were  made  of  silicon  carbide  and 
aluminum  oxide. 

Screening  rolling  contact  fatigue  testing  on  silicon  nitride 
with  conventional  lubricants  showed  excellent  life,  greater  than 
MSO  steel,  at  comparable  loads.  Rolling  contact  fatigue  tests  of 
silicon  carbide  and  aluminum  oxide  did  not  show  as  much  promise 
as  silicon  nitride. 

The  friction  and  wear  properties  were  determined  for  silicon 
nitride,  silicon  carbide  and  steel.  The  coefficient  of  friction 
and  wear  rates  are  nearly  the  same  for  steel-steel  and  steel- 
silicon  nitride  combinations.  Based  on  these  results,  excessive 
wear  is  not  expected  in  a  full  scale  bearing  with  silicon  nitride 
rollers . 

The  corrosion  resistance  of  silicon  nitride  is  excellent  in 
hot  Type  II  Turbo  oil. 

The  dimensional  stabilities  of  silicon  nitride  and  silicon 
carbide  are  excellent  and  do  not  present  a  problem  in  designing 
bearing  clearances. 

Full  scale  test  bearing  rollers  made  from  silicon  nitride 
fractured  during  final  shaping  by  grinding  and  new  grinding  tech¬ 
niques  are  being  developed  for  additional  roller  manufacture. 

Rolling  contact  fatigue  tests  carried  out  on  the  billets 
from  which  the  roller  blanks  were  taken  failed  to  duplicate  the 
original  results.  An  extensive  investigation  of  this  discrepancy 
led  to  the  conclusion  that  subsurface  damage  caused  by  a  change 
in  surface  preparation  techniques  was  responsible. 

Billets  of  a  newer  still  higher  purity  silicon  nitride  have 
been  pressed  as  stock  for  additional  roller  manufacture.  Rods 
cut  from  these  billets  with  surfaces  prepared  by  the  original 
diamond  grinding  techniques  have  given  initial  rolling  contact 
fatigue  life  results  that  support  the  original  teeing. 


SUMMARY 


This  investigation  can  he  divided  into  two  principal  activi¬ 
ties;  (1)  ceramic  bearing  material  selection,  screening  and 
characterization  relying  principally  upon  rolling  contact  fatigue 
testing  of  rod  specimens  and  (2)  high  speed  roller  bearing  design 
(ceramic  rollers  with  metal  races),  component  fabrication,  and 
analyses . 

The  materials  selected  for  screening  were  hot  pressed  silicon 
nitride  and  silicon  carbide  and  dense  high  purity  alumina,  based 
primarily  on  high  strength,  low  porosity  and  high  hardness  con¬ 
siderations.  The  silicon  nitride  and  silicon  carbide  test  rods 
were  cut  from  billets  hot  pressed  by  Norton  Company.  The  aluminum 
oxide  was  supplied  to  the  final  test  configuration  by  Coors 
Porcelain  Company . 

The  Rolling  Contact  Fatigue  (RCF)  test  machine  is  a  rapid 
method  of  evaluating  hearing  materials  under  load.  A  small  rod 
specimen  is  loaded  between  two  relatively  large  diameter  opposing 
crowred  wheels  that  apply  L  us sure  while  the  specimen  is  driven 
at  10,-000  rpm.  The  specimen  receives  two  stress  cyc-^s  per  vio¬ 
lation  resulting  in  1.2  x  106  test  cycles  per  houT .  \ll  testis 
was  carried  out  with  conventional  lubrication. 


A  condensed  table  of  the  most  significant  rolling  contact 
fatigue  screening  test  results  is  given  below: 

Rolling  Contact  Fatigue 
800,000  psi  calculated  hertz  stress 


Material 


No.  of  tests 


Silicon  nitride  HS1I0A  26 
Silicon  nitride  HS130  5 
Silicon  carbide  HX294  1 


Cycles  to  Failure 
10  percentile  mecTTan 

(Liq) 

5,690  ,000  30,6  50  ,000 

5,119,000 

<1,000 


Aluminum  oxide 
Coors  AD999 


Testing  limited  to 
700,000  p  s  i  in  a  x  i  r  am  Hertz  s  t  re  s  s 


M*  50  *CVM 


34  1,820,000 


3,660 ,00b 


^Bearing  steel  control  -  carried  out  at  the  same  load 
as  the  silicon  nitride  resulting  in  a  calculated  Hertz 
stress  of  700,000  psi. 

Hot  ressed  silicon  nitride  (HS110A  process)  performed  signif 
icani  lv  better  than  the  M-50  bearing  steel  control  material.  In 
addition  silicon  nitride  failures  were  characterized  by  the  appear 
ance  of  a  small  spall  very  similar  to  that  encountered  with  the 


bearing  steel.  Limited  testing  of  HS130  prouuced  results  compar¬ 
able  to  those  obtained  on  the  bearing  steel. 

Hot  pressed  silicon  'Carbide  did  not  generally  fail  by  spalling 
but  had  a  tendency  to  massive  brittle  fracture  and  attempts  to 
operate  at  800,000  psi  Hertz  calculated  stress  resulted  in  rod 
breakage  at  less  than  1000  cycles.  A  reduction  to  700,000  psi 
Hertz  stress  allowed  operation  up  to  17,500,000  cycles  although 
the  rod  Jid  fracture  upon  removal.  A  further  reduction  in  stress 
to  600,000  psi  extended  life  to  24,000,000  cycles. 

Aluminum  oxide  was  tested  at  calculated  Hertz  stresses  from 
500,000  to  700,000  psi  but  cannot  be  compared  to  other  roller 
materials  as  it  wears  continuously  and  excessively  by  crushing 
under  all  loads  applied  and  has  no  typical  spalling  end  point. 

Consequently  HS110A  silicon  nitride  was  selected  as  the 
prime  candidate  for  further  environmental  testing  and  for  roller 
fabrication  for  testing  in  an  actual  roller  bearing  (with  M-50 
steel  races).  However,  some  further  environmental  testing  was 
also  carried  out  on  hot-pressed  silicon  carbide. 

A  limited  amount  of  four  ball  testing  was  cairied  out  on 
HS110B  silicon  nitride  with  generally  poor  results  compared  to 
M-50  steel.  Since,  in  this  case,  both  ball  dimensional  and 
starting  material  quality  was  suspect  it  is  not  felt  that  these 
results  were  definitive  - 

Friction  and  wear  properties  were  determined  for  silicon 
nitride,  silicon  carbide  and  steel  combinations.  The  coefficient 
of  friction  and  wear  removal  rates  are  rea  iy  the  same  as  for 
steel-steel  and  steel -silicon  nitride  coribmat ions  .  Based  on 
these  results,  excessive  wear  should  not  be  encountered  in  a 
bearing  containing  silicon  nitride  rollers. 

The  corrosion  resistance  of  silicon  nitride  is  excellent  in 
hot  Type  II  turbo  oil.  Fatigue  results  before  and  after  exposure 
are  inconclusive  because  of  the  short  duration  of  the  initial 
tests.  The  dimensional  stability  of  silicon  nitride  and  silicon 
carbide  is  excellent  and  does  not  present  a  problem  in  designing 
bearing  clearances . 

A  test  itfiier  bearing  was  designed  based  upon  a  high  speed 
aircraft  quality  steel  bearing.  The  test  bearing  has  twenty 
ceramic  rollers  0.345  inch  diameter  and  length.  The  M-S0  stee] 
races  have  a  2.25  inch  bore  and  3.740  inch  outer  diameter. 

Plates,  6"  x  6n  x  5/8M  ot  HS110A  hot  pressed  silicon  nitride 
were  sectioned  and  130  roller  blanks  0.356  x  0.356  inch  were 
diamond  ground. 

It  was  planned  to  apply  the  final  dimensional  accuracies  and 
contour  to  these  by  standard  bearing  grinding  procedures  using 


x 


1 


silicon  carbide  wheels.  An  inadvertent  error  in  wheel  selection 
in  the  bearing  plant  damaged  or  destroyed  these  rollers,. 

Rolling  contact  fatigue  (RCF)  test  rous  cut  from  the  same 
billets  the  rollers  were  taken  were  tested  yielding  lives  an  order 
of  magnitude  poorer  than  the  screening  test  results.  This  shorten 
life  triggered  an  extensive  investigation  into  both  the  surface 
finish  and  material  qualities  of  the  two  groups  of  material.  It 
was  concluded  that  the  premature  failure  of  the  second  group  was 
linked  to  rapid  surface  pit  formation  during  RCF  testing  leading 
to  a  spalling  type  failure.  It  is  felt  that  this  rapid  pit  forma¬ 
tion  was  caused  by  surface  damage  not  removed  in  the  final  rod 
preparation.  The  grinding  practice  for  ihe  first  set  of  rods  con¬ 
tained  a  finish  grind  with  a  320  grit  diamond  wheel  followed  by 
6y  diamond  hand  lapping.  In  the  second  group  this  320  grit  finish 
grinding  step  was  omitted  prior  to  a  final  mechanical  lapping  with 
6p  diamond. 

Preliminary  test  results  (to  be  reported  in  the  next  period) 
on  RCF  rods  of  the  replacement  material  with  surfaces  prepared  in 
the  original  manner  are  more  in  line  v/ith  the  initial  results. 


INTRODUCTION 


I. 


Ceramic  materiajc  offer  many  interesting  properties  which 
suggest  their  use  in  bearings.  Among  these  are;  light  weight, 
high  mechanical  strength  in  compression,  resistance  to  corrosion, 
low  coefficient  of  friction,  dimensional  stability,  and  high 
hardness  over  a  wide  temperature  range.  In  addition  they  are 
generally  further  characterized  by  high  resistance  to  wear,  low 
coefficient  of  thermal  expansion,  very  high  melting  point,  and 
the  ability  to  hold  close  tolerances  and  fine  finishes.  Because 
of  the  desirability  of  many  of  these  properties,  extensive  studies 
have  been  conducted  with  both  solid  ceramic  and  ceramic  coatings 
for  sliding  and  plain  bearings.  This  work  has  lead  to  v/ide  use 
of  ceramic  containing  plain  bearings  in  industry. 

Though  numerous  studies  have  been  conducted  and  others  are 
continuing  with  ceramics  for  plain  and  gas  bearings,  limited  work 
lias  been  devoted  to  ceramics  for  rolling  contact  (ball  and/or 
roller)  bearings.  More  importantly,  even  less  work  has  been  done 
with  what  might  be  termed  advanced  ceramics.  Advanced  ceramics 
would  include  those  materials  having  very  high  cros s -bending 
strengths,  very  fine  grain  size,  high  density,  and  a  very  homo¬ 
geneous  structure.  For  background.  Appendix  I  summarizes  much  of 
the  work  to  date  with  ceramics  in  rolling  contact, 

These  properties  plus  stable  characteristics  at  elevated 
temperatures  lias  identified  advanced  ceramics  as  excellent  poten¬ 
tial  candidate  materials  for  applications  involving  rolling  contact 
environments  at  elevated  temperatures  such  as  aircraft  engine 
roller  bearings . 

High  rotational  speeds  developed  in  modern  jet  engines  have 
changed  the  common  failure  mode  of  both  roller  and  ball  bearings 
to  the  outer  race  instead  of  the  inner  race.  The  bigh  centrifugal 
forces  of  the  rollers  developed  by  the  increased  5peeds  have 
loaded  the  outer  races  tc  the  point  where  they  must  endure  higher 
stresses  than  the  inner  races.  Hollow  steel  balls  have  been  in¬ 
vestigated  but  fabrication  problems  influencing  balance  limits 
theiv  usefulness  at  high  speeds.  Light  weight  ceramics  with 
specific  gravities  two-fifths  that  of  steel  would  greatly  reduce 
centrifugal  loading  even  when  used  in  the  solid  form. 

The  present  progrrm  was  undertaken  to  investigate  high 
strength  ceramics  as  rolling  contact  bearing  for  aircraft  engine 
applications.  The  program  is  broadly  divided  into  two  phases: 

(1)  materials  investigation  and  evaluation  and  (2)  full  beaiing 
fabrication  and  testing. 


1 


II.  MATERIALS  SELECTION  AND  CHARACTERIZATION 


Four  materials  were  selected  for  screening  evaluation  based 
primarily  on  their  strength,  density  and  hardness  characteristics. 
These  are  two  forms  of  hot-pressed  silicon  nitride,  hot-pressed 
silicon  carbide  and  a  dense  sintered  aluminum  oxide.  Typical 
properties  and  chemical  analyses  are  given  in  Tables  I  and  II. 

The  hot -pressed  silicon  nitride  and  silicon  carbide  were 
supplied  to  the  program  in  the  form  of  hot  pressed  plates  pre¬ 
pared  from  Norton  synthesized  starting  materials. 

The  aluminum  oxide  rods  were  purchased  from  the  Coors 
Porcelain  Company  in  the  finished  1'otiu. 


Ill .  SCREENING  TESTS 

A .  RCF  (Rolling  Contact  Fatigue) 

1.  Description  of  Equipment  -  The  Rolling  Contr.ct 
Fatigue  (RCF)  test  machine  developed  by  General  Electric  Company 
and  marketed  by  Polymet  Corporation  was  the  primary  means  of 
evaluating  material  fatigue  life  throughout  the  program,  Figure  1. 
Two  discs,  seven  inches  in  diameter  and  one-half  inch  thick,  are 
held  against  the  rotating  test  specimen.  The  discs  have  a  crown 
radius  of  0.250  inches.  The  test  specimen  is  a  straight  cylinder 
three  inches  long  with  a  diameter  of  O.V)^  tr.ches .  With  this 
geometry  configuration,  the  contact  stresses  can  be  calculated 
(in  the  non - lubricated  condition)  as  shown  in  Appendix  II.  The 
example  of  this  calculation  in  the  appendix  shows  foT  s.  load  of 
325  pounds,  the  maximum  Hertz  compressive  stress  is  700,000  psi 
for  steel  wheels  and  a  steel  test  specimen.  The  load  necessary 
to  produce  this  stress  in  the  ceramic  materials  tested  is  less 
than  325  pounds  because  of  their  higher  moduli  of  elasticity. 

The  FCF  machine  provides  a  means  of  rapid  testing  in  pure 
rolling  contact.  Since  the  specimen  receives  two  stress  cycles 
for  each  revolution,  10,0u0  rpm  of  t.he  specimen  gives  1.2  x  10 6 
cycles  per  hour.  The  average  M-50  test  is  about  3.5  x  101  cycles 
so  an  average  test  lasts  three  hour<* .  In  contrast,  the  average 
"accelerated"  full  scale  bearing  test  has  a.  duration  of  about 
500  hours. 

x ne  loading  q.scs  see  u  comparable  stress  to  the  test  speci¬ 
men, but  their  relatively  large  diameter  provides  a  longer  life 
than  the  specimens.  Hov.ever,  they  require  refinishing  when  they 
spall  or  flatten,  usually  after  20-30  tests  on  steel.  The  discs 
are  requalified  after  grinding  using  a  controlled  group  of  M-50 
steel  specimens. 

The  test  conditions  on  the  RCF  machines  used  throughout  this 
program  were: 
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TABLE  I 


Typical  Physical  Properties 

Si3N4 _  _  SiC  AI2O  j  ^ 

HSTT&'A&B  HS-13TT  HX-29T  AD9§9 

Flexural  Strength  psi 


l/8xl/8  rods  3  point  bend 
@  75° 

0  2500 0 F 

120,000 

25,000 

130,000 

50,000 

110,000 

70 , 000 

105,000 

Compressive  Strength  psi 

0  75°  F 

500,000 

500,000 

500,000 

650,000 

Modulus  of  Elasticity  psi 
(Sonic)  0  75°  F 

45xl06 

46xl06 

64xl06 

56x10^ 

Coefficient  of  Linear 
Thermal  Expansion 

75  -  300  °F  /°F 

l.BxlO"6 

1.8xl0-6 

2.7xl0"6 

3 . 8x10 

Thermal  Conductivity 
BTU/hr  f t°F  0  75° F 

18 

47 

18 

Specific  Heat  0  75°F 

0.17 

0.17 

0 .15 

0.21 

Electrical  Resistivity 
ohm-cm  0  75°F 

10^ 

10 11 

10_1-1C? 

>1015 

Hardness  Knoop  K100 
r45N 

2200 

2200 

2500 

90 

density  gm/cc 

3.15 

3.18 

3.30 

3.90 

(1)  Coors  Porcelain  Company,  Bulletin  No.  953. 

(2)  Tested  per  ASTta  C~369-66T 
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TABLE  II 


Typical  Metallic  Constituents  Analysis 
weight  percent 


Si  3N4 

SiC 

*1203 

HS-110A  HS-110B 

HS-130 

HX-294" 

AD999 

Aluminum 

0.6 

0.6 

0 .2 

7 

Nominal 

Iron 

0.5 

0.5 

0.3 

0.1 

99.9% 

AI2O3 

Ca 

0.25 

0.25 

0.08 

<0.05 

Mg 

0.6 

0.6 

0 .6 

*0.05 

W 

<0.01 

1.4 

1.4 

2.5 

4 


Load : 


09  lbs.  to  325  lbs 


Temperature : 
Speed : 
Lubricant : 


7 0  °  r  to  80 °r 
10,000  rpm 

Humble  Enco  2380  Type  11  Turbo 
Oil  (MI L -L - 2 3699B) 


Specimen  Geometry:  0.37S  ±0.0002”  diaineter  x  3” 

long.  Surface  finish  les*  than 
4  rms .  Roundness  within 
100  x  10  ‘ 6  inches. 


2.  Materi  il  Preparation  -  All  RCr  specimens  were 
sliced  from  larger^  ho t "pres sed^bTllet s  and  machined  round  with 
exception  of  the  AD999  which  was  purchased  in  the  finished 
geometry . 

Three  types  of  finishing  procedures  were  used  on  RCF  test 
specimens  in  the  program  to  bring  them  to  the  surface  finish  and 
dimensions  required. 

The  procedures  employed  are  as  follows: 

(1)  The  RCF  rods  are  roughed  out  from  square  bars 
between  centers  using  a  100  grit  diamond  wheel  (.ASC100S-R75H69 
specification).  Then  a  320  grit  diamond  wheel  ( ASD320 -N75B69 
specification)  is  used  to  finish  to  final  dimensions. 

Machine  conditions  employed  are;  wheel  speed  5500  sfpm,  work 
speed  600  rpm,  and  traverse  speed  0.001  inch  per  revolution. 

Both  operations  are  done  with  a  fluid  coolan..  and  grinding  aid 
(Norton  Wheelmatc  #203  which  is  a  rust  inhibitor  soluble  oil) . 

Careful  control  of  finish  stock  removal  rate  (0.0005  inch  per 
pass)  brings  the  surface  finish  down  to  between  5  and  8  micro-inch 
finish . 


final  finish  is  achieved  by  hand  lapping  at  200  sfprn  with  a 
leather  lap  charged  w;th  6  micron  diamond  paste  to  produce  less 
than  5  micro -inch  soria.Cc  SAwlsh.  Rods  finished  by  this  method 
have  an  FM  prefix  in  the  numbering  sequence. 

(2)  The  second  procedure  eliminates  the  320  grit  dia¬ 
mond  grind  of  the  first  procedure  and  substitutes  a  mechanical 
lapping  system  to  achieve  final  dimensions,  roundness,  and  micro¬ 
inch  finish.  The  mechanical  lap  was  constructed  for  the  purpose 
and  utilizes  a  twelve  specimen  slotted  carrier  disc  between  two 
approximately  twelve  inch  oiametcr  cast  iron  horizontal  lap  discs. 
The  bottom  disc  rotates  about  a  fixed  axis  but  the  top  disc  nas  an 
oscillating  axis  to  produce  a  more  heterogeneous  scratch  pattern. 


o 


The  top  disc  is  also  counterbalanced  to  achieve  very  light  loading 
on  work  pieces . 

The  carrier  slots  position  the  specimen  rods  in  the  rotating 
disc  at  a  slight  angle  to  the  radii. 

The  cast  iron  laps  are  charged  with  6-8  micron  diamond  paste. 

This  system  achieves  excellent  surface  finish  and  dimensional 
tolerances.  Silicon  nitride  rods  produced  in  this  manner  wore 
round  to  within  25  x  10'6  inches,  were  uniform  in  diameter  to  with¬ 
in  15  x  10'c  inches  and  had  a  finish  of  2.5  micro-inches  or  better. 
Rods  finished  by  this  procedure  have  a  single  numbering  sequence. 

(3)  The  third  procedure  involves  either  #3  or  #2  plus 
a  burnishing  step  with  a  silicon  carbide  wheel  and  a  maximum  stock 
removal  of  0.00]  inch. 

This  last  procedure  was  carried  out  to  assess  the  feasibility 
of  eventually  utilizing  a  silicon  carbide  wheel  to  apply  the  crown 
to  the  ceramic  rollers  in  the  full  roller  bearing  as  a  formed 
diamond  wheel  cannot  be  made  or  trued  to  the  accuracy  required* 

3.  Res  alts  -  The  bulk  of  the  screening  phase  RCF 
testing  on  silicon  nitride  was  carried  out  at  the  same  loading 
325  pounds,  as  for  the  M-SG  control*  Because  of  differences  in 
elastic  moduli,  this  load  will  induce  a  maximum  calculated  Hertz 
stress  of  700,000  psi  when  steel  is  tested  and  800,000  psi  when 
silicon  nitride  is  tested. 

Table  III  gives  the  results  for  the  hot-pressod  silicon 
nitride*  Densities  and  three-point  flexural  strengths  taken  on 
billets  from  which  the  rods  were  cut  are  also  included.  Chemical 
analysis  and  hardness  of  several  rods  is  given  in  Table  IV.  The 
HS-110A  und  Lucas  materials  show  the  best  fatigue  properties.  A 
Weibull  distribution  of  26  out  of  the  30  total  tests  for  HS-110A 
is  shown  in  Figure  2*  Four  data  points  were  eliminated  due  to 
faulty  steel  test  wheel  geometry  measured  at  the  test  completion. 

The  Weibull  plot  shows  the  HS-11GA  to  have  nearly  three  times 
the  Lio  fatigue  life  of  M~5G  CVM  steel  at  the  same  load  but  with 
100,000  psi  higher  Hertz  stress.  The  ninety  percent  confidence 
bands  for  each  material  are  included  in  Figure  2, 

HS-11QB  performed  poorly  perhaps  due  to  material  inconsistency. 
As  this  material  was  produced  by  a  discontinued  processing  variant 
no  extensive  analysis  of  the  failure  mechanism  was  attempted. 

HS-110C  performed  creditably  giving  lives  similar  to  the 
M-S0  control.  The  HS-130  rod,  FM-11,  .avc  a  similar  life.  How¬ 
ever,  the  results  on  rods  #9  and  #10  which  had  the  second  finishing 
procedure  gave  poor  or  inconsistant  performance.  This  effect  was 
encountered  on  other  rods  indicating  that  this  finishing  procedure 
was  detrimental  to  rod  life.  Consequently  the  results  from  rod 
FM-11  are  taken  as  more  representative  of  HS-130  performance. 
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TABLE  III 


Rolling  Contact  Fatigue  Life 
Hot  Pressed  Si^N^ 


Calc 


Material 

Designation 

Red 

Number 

Test 

Load 

Hertz 

Stress 

Li  fe 

Median 

Life 

(Density 

gm/cc) 

(Fie-  oral 

pti) 

lbs 

psi 

100<V 

cycles 

-rm - 

cycles 

(1*50) 

M-50  CVM 
control 

- 

325 

700,000 

Results 

3,660 

of  34  tests 

HS-110A 

FM-4  1 

3.15  gm/cc 

325 

4* 

800,000 

4r 

80,335s 

20,061 

16,509 

16,800 

37.397s 

30,650 

FM-5 

3.15  gm/cc 


325  800,000  52s 

35,468 

34,949s 

56,6583 

41,899*3 

49 , 782*s 

37,316 

*  ▼  10,492 


FM-6 

3.15  gm/cc 


325  800,000  31,977 

4.  V  9,4052s 


1. 


2. 

3. 

4. 

5. 


FM-1C  325 

3.11  gm/cc 
112,359  psi 


Unles.,  noted  rods  finished  by 
procedure  #1 
Test  wheels  failed 
Values  not  used  in  weibull  plot 
Rod  finished  by  procedure  #1 
except  final  lapping  omitted 
Rod  finished  by  procedure  ?■ 2 


800  ,000  4  57  3  w 

1,092s 
30  6  3 Vi- 
20,813 
47 ,921® 

29 , 806 
51 , 704n 
23,926° 
22,600 
2.86  8 
1,207 
13,631 
*  10,877 


s  -denotes  suspended  tesc 
v  -  H  wheels  qualified 

wn  -  '*  vneels  not 

qualified 
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\  continued) 


TABLE  III  (continued) 


Material 

Designation 


Rod 

Number 
7Density  " 
gm/cc) 
VSW.ural 
Strength  psi) 


Test 

Load 

“TBs” 


Calc 

Hertz 

Stress 

psi 


Life 

“17)00 

cycles 


HS-110B 


HS-110C 


LUCc.  3 


HS-130 


FM-3 

3.18  gin/cc 
122,688  psi 


FM-7 

3.20  gm/cc 
136,571  psi 


PM- 8 

3.20  gm/cc 
138,571  psi 


FM-1 4 


PM- 11 

3.19  gm/cc 
130,881  psi 


9  * 

3.18  gm/cc 
137,400  psi 


s 

10 

3 . *8  gm/ cc 
137,400  psi 


325 


325 


800,000  650 

60 
418 
12,603 

5 
7 

6 

100 

800,000  225Wn 

4,100 
4,729 
1,770 
28,218 

15,247 
3,576 
6,273 
+  4,377 


325 


325 


325 


( 

I 

325 

220 

220 

220 

220 

15C 

150 


800,000  34,065 

♦  55,411 

800,000  5,119 

44v” 
2,968 
14,466 
4,334 
<  49,871s 

800,000  9,170 

147 
U0 
094 

♦  132 

800,000  365 

700,000  7,742 

700,000  461 

700,000  2,706 

700,000  66C 

610,000  46.217& 

610,000  44,7518 


Median 

Life 

“TflOO 

cycles 

(L50) 


80 


4,553 


5,119 


132 

I 
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TABLE  IV 


CLamical  Analyses  and  Hard 


Rod 

Elemental 

Composition ( %) 

Identity 

A1 

F  t' 

Ca 

Mg 

FM-l 

0.74 

0.44 

0.20 

0.50 

FM-4 

0.60 

0.46 

0.36 

FM-10 

0.42 

0.26 

0.73 

FM-.U 

a&'ji WvM 

0.30 

0.12 

0.66 

10 


se9 

dbh3009 
(kg/min^) 

2282 
2350 
2304 
2337 


An  important  observation  in  all  the  fatigue  testing  of 
silicon  nitride  is  that  it  fails  by  spalling  and  not  by  cata 
strophic  means  as  might  be  expected  of  a  brittle  material. 

Figure  3  shows  a  spalled  silicon  nitride  rod  and  a  spalled  steel 
rod  showing  the  similarity  in  failure  spalls. 

Figure  4  shows  a  typical  silicon  nitride  spall  under  higher 
magni fication . 

The  results  for  RCF  testing  of  silicon  carbide  and  aluminum 
oxide  are  given  in  Table  V.  In  this  case  the  silicon  carbide  RCF 
rods  were  finished  by  procedure  H2  while  the  aluminum  oxide  rods 
as  purchased  had  a  2.5  microinch  finish.  No  further  finishing 
was  done  on  these  rods  and  the  details  of  the  supplier's  orocedure 
is  unknown. 

Since  both  silicon  carbide  and  aluminum  oxide  have  moduli  of 
elasticity  well  above  50  million,  significantly  lower  loads  were 
required  to  produce  Hertz  stresses  comparable  to  those  under  which 
the  steel  and  silicon  nitride  were  tested.  Even  at  these  reduced 
loads  and  stresses  silicon  carbide  produced  relatively  short  lives 
with  frequent  rod  fractures.  The  only  attempt  at  800,000  Hertz 
stress  resulted  in  almost  immediate  catastrophic  fracture. 

Although  these  results  could  probably  be  improved  by  the  use  of 
finishing  procedure  #1  it  is  felt  unlikely  that  this  would  raise 
the  performance  level  to  that  of  silicon  nitride. 

The  aluminum  oxide  tests  were  generally  suspended  due  to 
crushing  in  the  ceramic  contact  an  ;:,  Figure  5  shows  a  linear 
proficorder  chart  of  aluminum  oxide  rod  #1  across  the  contact 
area.  Note  the  deep  groove  caused  by  the  crushing.  Compare  this 
trace  with  that  across  an  M-50  steel  specimen  shown  in  Figure  6. 
Because  of  this  crushing  encountered  at  light  loads  no  attempts 
were  made  to  run  aluminum  oxide  at  800, U00  psi  Hertz  stress. 

As  a  result  of  these  tests  HS-110A  silicon  nitride  was  chosen 
as  the  principal  material  candidate  for  further  environmental  test 
ing  and  for  fabrication  into  bearing  rollers  for  the  full  scale 
bearing  test.  Some  further  environmental  testing  was  also  carried 
out  on  the  silicon  carbide  however. 

B .  FOUR  BALL  TESTING 

1.  Description  of  Equipment  -  A  small  number  of  four 
ball  tests  on  s i 1 icon  nitride  were  performed  as  part  of  the  screen 
ing  program.  These  were  run  on  a  Federal-Mogul  test  unit  shown  in 
Figure  7  nnd  shown  schematically  in  Figure  8.  This  unique  design 
employs  three  Federal-Mogul  Westwind  air  bearings  to  eliminate 
external  friction  and  vibration  and  to  insure  contact  of  the  test 
bail  with  all  three  slave  balls.  Maximum  Herts  contact  stresses 
(calculated  for  non-lubrica  ed  conditions)  for  the  tests  performed 
varied  from  615;000  psi  to  780,000  psi. 
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FIGURE  3  -  Silicon  Nitride  and  M-50  Rods  Shoving  Similarity  of  Fatigue  Spalls 


TABLE  V 


Rolling  Contact  Fatigue  Life 
Hot  Pressed  SiC  and  Dense  Sintered  AI2O3 


Calc 


Material 

Rod 

Test 

Hertz 

Designation 

Number 

Load 

Stress 

Life 

C01  unents 

(Density 

lbs 

psi 

1660 

gm/cc) 

cycles 

(Flexural 
Strength  psi) 

SiC 

HX-294 

5 

10  5 

600,000 

779 

3,20  g^n/cc 

109 

600,000 

6,319 

128,296  psi 

170 

700,000 

10,853 

170 

700,000 

4,706 

6 

109 

600,000 

1,235 

3.20  gm/cc 

109 

600,000 

4,130 

128,296  psi 

170 

700,000 

4,186 

170 

700,000 

2,674 

225 

800,000 

<•?. 

rod  fractured 
during  test 

0 

109 

600,000 

20,205 

suspended 

109 

600,000 

24,270 

suspended 

170 

700,000 

17,718 

suspended 

fractured  upon 

removal 

4. 

170 

700,000 

966 

suspended 

fractured  during 

test 

A1203 

1 

69 

500,000 

27 

suspended 

AD999 

69 

500,000 

44 

suspended 

69 

500,000 

33,730 

suspended 

120 

600,000 

46,195 

suspended 

2 

120 

600,000 

4,326 

120 

600  f 000 

1,631 

190 

700,000 

714 

suspended 

15 


mu  o* 
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FIGURE  S 

Linear  Proficording  Across  Test  Traci:  on  AD999  Aluminum  Oxide  Bar  #1 


FIGURE  6 

Linear  Proficording  Across  Test  Tracks  on  M-50  CVM 


MOTORIZED  AIR  SPINDLE 
-  VARIABLE  SPEED 
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3 I GURF  B  Schematic  of  the  Four-Ball  Teste 


TEST  LOAD 
0-60Clbs 


2.  Material  Preparation  -  Balls  tested  were  fabricated 
from  a  single  billet  of  HS-llOB  having  a  mean  flexural  strength  of 
107,917  psi  and  a  density  of  3.19  gm/cc.  The  billet  was  sliced 
into  5/8  inch  cubes  with  diamond  cut-off  wheels  and  finished  into 
balls  at  Industrial  Tectonics  Inc.,  Ann  Arbor,  Michigan,  by  a  pro¬ 
prietary  ball  making  process.  Finished  condition  of  balls  was 
requested  and  received  as  follows: 

(A).  Requested  -  AFBMA  Grade  10  1/2"  diameter  nominal 

Surface  Roughness  Tolerance  1.0  microinch  "AA" 

Out -of  -  Rcundness  ,  Maximum  O.OOOOlvl" 

(13)  Received 

Surface  Roughness  1.1  -  1.5  microinch  "AA" 

Out -of -Roundness ,  Typical  0.000020" 

3.  Results  -  The  four  ball  test  results  shown  in 
Tabic  VI  arc  generally  poor  and  inconsistent  when  compared  to  all 
steel  balls.  M-50  and  52100  halls  have  a  life  range  of  100  to 
500  hours  at  a  calculated  Hertz  contact  stress  of  780,000  psi.  In 
two  cases,  test  numbers  8  and  10,  more  encouraging  results  were 
obtained  on  a  different  contact  area  of  u  ball  which  had  pre¬ 
viously  worn  budly.  Several  reasons  for  the  inconsistency  and 
poor  life  cun  be  postulated.  These  bulls  were  taken  from  billots 
of  US-11013,  a  material  which  gave  erratic  KC !•'  test  results, 

Table  III.  The  geometry  of  the  balls  was  not  to  Grade  10  specifi¬ 
cations.  Proficordor  checking  of  the  out  of  roundness  showed  wide 
variations  in  excess  of  Grade  10  specifications.  The  surface 
finish  in  addition  to  being  outside  the  Grade  10  specification 
showed  extensive  pitting,  Figure  9. 

For  those  rousons  it  is  felt  that  this  testing  doos  not 
represent  the  results  that  would  be  obtained  from  silicon  nitride 
under  normal  conditions. 


C.  FRICTION  AN l)  WEAR  TESTING 


The  test  machine  o«<'d  for  wear  testi 
coefficients  of  sliding  iTiction  was  the 
Figure  10. 

This  unit  employs  the  ring  and  flat  i 
in  a  line  contact  between  the  two  test  coin 
1.3775"  OD  by  0.3437"  wide  and  the  blocks  0 

Test  conditi  ms  were  as  follows: 


determining  the 
A -6  unit  shown  in 


concept  resulting 
s .  The  rings  are 
■  x  0.4"  x  0 .250" . 


1.  Materials:  Silicon  nitride  US-110A 

Silicon  carbide  HX-294 
A1S 1  8620  and  M-50  CVM 
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l-'ItilJRH  9  .Surface  of  Silicon  Nitride  Ball 
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2. 

Lubrication : 

P.nco  2  3  80  Type  11  Turbo  Oil 
(MIL  - L -  2  3699B) 

3. 

Temperature : 

75°C  at  start  of  test 

4. 

Load : 

50  pounds 

S  . 

Speed: 

800  rpm 

6. 

Length : 

5,000  revolutions 

The  test  combinations  and  the  results  are  given  in  Table  VII* 
Tiic  coefficients  of  friction  were  determined  from  the  frictional 
force  after  2,000  revolutions  and  the  widths  of  the  wear  scars 
were  measured  after  5, 0(d)  revolutions. 

lixaminat ion  of  the  results  shows  that,  in  general*  steel  in 
contact  with  silicon  nitride  or  silicon  carbide  produces  less  wear 
and  a  lower  coefficient  of  friction  than  when  two  ceramics  are  in 
contact.  This  is  shown  particularly  when  comparing  silicon  nitride 
with  itself  and  with  steel.  Test  9  again  displayed  the  brittleness 
of  silicon  carbide  when  the  ring  cracked  during  the  test.  The 
excessive  wear  scar  width  of  0.044  inch  is  due  to  the  crack  "knife 
e  dge" . 


Comparing  silicon  nitride  versus  steel  with  steel  versus 
stool,  it  is  seen  from  the  tublo  that  the  average  coefficients  of 
friction  for  both  combinations  is  0.15.  Although  the  wear  width 
scars  for  stool  versus  steel  are  slightly  lower  than  for  steel 
versus  silicon  nitride  the  magnitudes  arc  such  that  excessive  wear 
should  not  be  encountered  in  a  full  scale  hearing  with  silicon 
nitride  rollers . 

D .  hNVl  R0NMI1NTAL  TllSTING 

1.  Pinions ionul  S tub i  1  i t y  -  Hearing  steels,  especially 
those  which  received  an  linpropc'r- hou~t  treatment  v  tend  to  change 
size  when  subjected  to  cyclic  temperatures.  This  change  can 
affect  the  dimensional  characteristics  of  the  bearing,  especially 
the  diametral  clearance  and  the  amount  of  interference  fit  on  cho 
shuft.  Silicon  nitride,  and  silicon  carbide  wove  cycled  from  -65°F 
to  450°F  to  measure  their  stabilities.  A  total  of  eighty  cycles 
was  performed  VM-th  M-50  CVM  steel  als"'  for  reference.  The  meas¬ 
urements  are  tabulated  (Table  VI II)  showing  no  detectable  dimen¬ 
sional  changes  for  silicon  nitride  and  silicon  carbide.  The  M-50 
CVM  did  have  a  slight  size  change  of  +10  millionths  of  an  inch  in 
five  inches . 

The  set  up  for  measurement  of  the  five  inch  long  rods  is 
shown  in  Figure  11.  Through  the  use  of  multiple  master  bars, 
accuracy  is  ±5  x  J0‘°  inches  in  the  five  inches. 

2.  Effects  on  Fatigue  Fife  by  Sal:  Water  and  Hot  Type 
I  I  Turbo  Oi_l  -  To  determine'  it  sfxTlcon  nitriTTe  or^sTTfcoh  carbide 
would  Fe“chcmically  attached  by  typical  bearing  environments 
during  long  term  exposure,  both  materials  won?  exposed  to  hot 
lubricant  and  a  warm  ^alt  solution  for  u  several  week  period. 
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TABLE  VII 


Wear 

Test  Results 

at  50  Pounds 

Load  and 

Test 

Materials 

Measured 

Coef f icient 
of  Friction 

Wear  Scar 
Width  @ 
5000 

# 

Ring 

Blocks 

@2000  Cycles 

Cycle3 

1 

Steel 

(8620) 

Si3N4 

0.16 

0.017*(1> 

2 

Steel 

(8620) 

Si3N4 

0.17 

0.018" 

3 

Steel 

(8620) 

Si  3**4 

0.12 

0.018" 

4 

Steel 

(8620 

S  i  3N4 

0.13 

0.019" 

5 

Steel 

(8620) 

SiC 

0.15 

0.015" 

6 

Steel 

(8620) 

SiC 

0.15 

0.014" 

7 

Si-3N4 

Si  3N4 

0.20 

0.021" 

8 

si3^4 

Si  3N4 

0.19 

0.022" 

9 

SiC 

SiC 

— 

0.044" 

10 

SiC 

SiC 

0.15 

0.028" 

11 

S  i  3N4 

SiC 

0,20 

(2) 

12 

S  tee  1 
(  G620 ) 

Stec  1 
(M-5G) 

0.15 

0.016" 

13 

Steel 

7  B620) 

S  tee  1 
(M-50) 

0.15 

0.016" 

14 

Steel 

(8620) 

S  tee  1 
(M-50) 

0.15 

0.016" 

op 

Remarks 


oil  alack 

ox**  black 

ring  split 

ring  cracked 


(1)  -  Wear  width  @  10,000  cycles 

(2)  -  Ring  cracked  at  3,975  cycles  -  uneven  scar 


TABLE  VIII 


Dimensional  Stability  of  Silicon  Nitride  and  Silicon  Carbide 
_ Compared  to  M-50  CVM _ _ _ __ 

Number  of  Cycles(l) 

Rod  0  12  28  80 

Number  Millionths  of  an  inch  change  from  initial  measurement ( 2) 


M-50  (i) 

0 

+  3 

4-7 

4-10 

M-50  (2) 

0 

4-2 

4-4 

46 

Si3N4  (1) 

0 

-1 

-1 

-1 

Si3N4  l2) 

0 

0 

0 

0 

sic  (l) 

<i 

-1 

-1 

-1 

SiC  (2) 

0 

0 

-1 

-1 

(1)  Bara  cycl. 

c:d  as  follows: 

A. 

B. 

C. 

i  hour  450  0 r) 

1  hour  ~65°F)  ^ 

RupOch:  A  and  B 

Cycle 

(2)  ttiiiionth 

of.  <xv.  ii.ch  in 

five  inches. 

2  o 


RCF  rod  #19  made  from  HS-110A  silicon  nitride-  was  fatigue  tested 
initially,  photographed,  weighed  and  exposed  to  Enco  2280  Turbo 
Oil  for  three  weeks  at  450°F.  At  the  end  of  the  exposure  the  rod 
was  re-weighed,  photogi aphed  and  subjected  to  thv ?e  additional 
fatigue  tests.  The  rod  did  not  change  in  appearance  or  weight, 
indicating  inertness  to  the  environment  The  fatigue  tests  results 
were  inconclusive  (Table  IX)  due  to  the  short  duration  of  the  ini¬ 
tial  tests.  This  was  typical  for  rods  finished  by  procedure  2 
which  unfortunately  was  used  for  all  rods  tested  in  this  section. 

RCF  rod  #22  made  from  HS-110A  silicon  nitride  was  fatigue 
tested  initially,  photographed,  weighed  and  exposed  to  r.  3.5  per¬ 
cent  sodium  chloride  solution  at  ZOO^F  for  three  weeks.  At  the 
end  of  the  exposure,  the  rod  was  again  weighed,  photographed  and 
tested.  The  rod  did  not  change  in  appearance  or  in  weight,  indi¬ 
cating  it  did  not  react  with  the  salt  solution.  As  can  be  seen 
in  Table  IX  the  fatigue  life  again  was  low  and  inconsistent  before 
and  after  exposure. 

3.  Lubricant  Shut.  Off  and  Entrained  Particles  - 
HS-110A  silicon  nitride  rod  #2l  was  run  for  two  tests  initially 
then  for  one  test  with  the  lubricant  shut  off  after  starting. 

The  results  are  shown  in  Table  IX.  Although  no  catastrophic  or 
varying  failure  modes  occured  without  lubrication,  the  results  are 
.inconclusive  due  to  the  short  duration  of  the  initial  tests. 

Rod  #21  was  also  tested  with  an  abrasive  in  the  lubricant. 

Four  tests  were  performed  with  5  micron  Arizona  road  dust  (FM  AC 
#1543094)  entrained  in  the  Enco  2380.  The  results  shown  in 
Table  IX  are  also  inconclusive  due  to  the  short  lives  of  the 
initial  tests. 


IV.  FULL  SCAUL  ^WTNG 


Design 


The  bearing  selected  for  testing  with  silicon  nitride 
rolling  elements,  M-5U  steel  races  and  an  AISJ  4540  steel  retainer 
is  a  modification  of  a  Bower  Aircraft  bearing.  The  drawings  of 
ttie  races  and  rollers  are  shown  in  Figures  12  and  13.  These  are 
slight  modifications  of  the  original  bearing  incorporating  the 
latest  design  criteria  fo~  high  speed  use.  Typical  engine  operat¬ 
ing  conditions  for  the  original  bearing  are  as  follows: 


Load  Radial  only  265#  to  380# 

Speed  57,000  rpm 

Temperature  250°F  to  400°F 

Calculated  Life  10,000  hours  L^q 

With  the  design  modification  and  with  silicon  nitride  rollers, 
the  bearing  is  expected  to  perform  up  to  65,000  rpm. 
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TABLE  IX 


Rolling 


Contact  Fatigue:  Life  -  HS-110A  Silicon  Nitride 
Environmental  Exposure  Tests 


Flexural 

Rod  Density  Strength 

Identification  gm/  cc__  __EHi - 


13 

Initial  Test 

After  3  Weeks  @ 
450°F  in  Enco 
2380 


22 

Initial  Test 

After  3  WeeAs  @ 
200°F  in  Salt 
Water 


3.14  115,097 

3.14  117,118 


Load 

Hertz 

Life 

lbs 

psi 

1000  Cycles 

325 

800,000 

38 

325 

800,000 

212 

325 

800  ,000 

524 

325 

800  ,000 

113 

325 

800,000 

630 

325 

800 ,000 

116 

325 

800,000 

326 

325 

800,000 

2,645 

21 

Initial  Tests 
Lube  Shuc-Of f 


325 

325 

800,000 

800 ,000 

40 

34 

325 

800,000 

72 

5  Micron  Arixona 
Aoud  Dust  in  Er.co 
1380 


325  800,000 

325  500,000 

325  0 , 0  0  0 

325  800,000 


168 

26 

298 

260 
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I;  I  (1URH  13  -  Ceramic  Hear  my,  Assemnl> 


fxtrcinely  close  tolercnces  are  required  for  beurings  of  this 
type.  l;or  instance,  roller  diameter  variation  including  taper  and 
out  of  round  must  not  exceed  0.000050  inch  for  any  individual 
roller  in  the  bearing. 

B .  Test  equipment  and  procedures 

The  test  rig  shown  in  figure  14  will  be  used  for  the 
full  bearing  tests.  In  the  rig,  the  outer  race  is  stationary  and 
the  inner  race  can  rotate  up  to  10,000  rpm  with  the  shaft.  The 
DN  value  would  then  be  0.5  x  10®.  The  load  will  bo  varied  during 
the  tests  und  be  applied  radially  only  (maximum  4000  pounds). 
Lubricant  will  be  a  Type  JI  turbo  oil.  Because  of  tho  relatively 
low  rotational  speed  and  loads,  it  is  oxpoctcd  that  operating 
temperature  of  the  bearing  will  be  on  the  order  of  100°F.  adaptors 
to  hold  the  test  bearing  and  support  beurings  for  operation  liuve 
been  designed  and  fabricated.  Tho  udaptors  and  support  boavings 
iro  pictured  in  figutv  15. 

The  test  bearing  is  mounted  on  shaft  (1)  and  pluccd  inside  of 
collar  (2)  through  which  tho  radial  loud  is  upplied.  The  ends  of 
the  shaft  arc  supported  by  conventional  bearings  (3). 

C.  Materials  fabrication 


1 .  Metal  Components 

Tho  Ucuving  Group  of  federal -Mogul  was  assigned 
the  fabrication  of  the  races,  retainers  and  tho  rollers  for  throe 
complete  beurings.  Tho  racos  and  retainers  made  from  standard 
aircraft  bearing  materials  were  produced  without-  difficulty, 

2  .  Ceramic  Bearing  Roller  1’  r  opara  t  ion 

(a)  Silicon  Curb  1  flu  bin  ish  '  CrJ  tuling  -  Tho  final 

01)  grinding  and  crowning  o f  ~T)  o  u  r i ngr olTor s  Is  conventionally  done 
by  plunge  grinding  using  u  frequently  dressed  silicon  curbido 
grinding  wheel.  No  techniques  nor  wheels  are  available  to  obtain 
tho  same  accuracy  with  diamond  wheels. 

The  effect  of  a  final  silicon  carbide  grinding  operation  upon 
rolling  contact  fatigue  was  chocked  by  taking  rods  l:M-7  and  PM- 8 
from  the  initial  screening  study  and  removing  0,001  inch  by  silicon 
carbide  grinding  then  retesting.  Thu  results  urc  shown  in  Table  X. 
The  silicon  carbide  regrind  in  no  way  seemed  detrimental,  and  if 
anything,  beneficial,  so  this  route  wus  chosen  for  bearing  roller 
f  in  i s  h i n g . 

(b)  Ceramic  Roller  Preparation  -  One  hundred 
thirty  MS-I10A  s  i  1  icoif'iil  tri  de  roller  "bianTs  were  diamond  ground 
to  0.355  inch  diameter  x  0.355  inch  long,  0.010  inch  over  size 
for  dimensions.  A  twenty  roller  sample  for  dimensions  is  shown 
in  Table  XI.  The  finish  grinding  is  a  three  step  process,  (1) 
corner  radii  and  rough  01),  (2)  end  grinding  and  end  honing,  and 
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IH'illiUi  14  -  Variable  Speed  Hearing  Test  ,V.jchinc»  Speed  to 
10,000  rpr' ,  bonds  to  4,000  rounds 


TABLE  X 


Effect  of  Silicon  Carbide  Grinding  on  Fatigue  Life 

- of  HS -TTfiA"§l 3^4  - - 


Rod  Load  Calc  Hertz 

Identification  Lba .  Strode  pei 


Life  Median  Life 

1000  Cycles  1000  cycles 


FM-7 

As  Received  325  800,000 


225  N.G.  4,500 

4,100 
4,739 
1,770 
28,218 


FM-8 

As  Received 


15,247 

3,576 

6,273 

4,377 


FM-7 

After  SiC 
grinding 


24,711  S  24,700 

31,584  S 

17,515 


FM-8 

After  SiC 
grinding 


421 

40,865  S 
28,931  S 
30,651 
2,705 
15, 71' 1 


N.G.  “  Wheels  did  not  qualify 
S  ■  Suspended  -  no  spall 
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TABLE  XI 


Dimensional  Characteristics  o' 
Twenty  Si^N4  Roller  Blanks 


Roller  O.D. 

Numbor  Size 

Roller 

Length 

End  Squareness  Corner  Rad. 
End  1  End  2  End  1 

Runout 
End  2 

1 

0.35598 

0.35590 

0.00030 

0.00020 

0.00050 

0.00035 

2 

0.35597 

0.35580 

9. 00019 

0.00030 

0.00030 

0.00045 

3 

0.35606 

0.35591 

0.00025 

*0.00030 

0.00035 

0.00050 

4 

0.35595 

0.35574 

0.00019 

0.00020 

0.00030 

0.00030 

5 

0.35586 

0.35581 

o’,  oo  oj7 

*0.00012 

0  .00040 

0.00030 

6 

0.35592 

*0.35571 

0.00020 

0.00027 

0.00045 

0.00035 

7 

0.35594 

0.35592 

*0.00013 

0.00020 

0.00030 

0.00040 

0 

0.35596 

0.35586 

0.00017 

0.00022 

0.00040 

*0.00020 

9 

0.35603 

0.35620 

*0.00050 

0.00017 

0.00070 

0.00090 

10 

0.35598 

*0.35628 

0.00020 

0.00015 

*0.00110 

*0 . 0C 120 

11 

0.35588 

0.35575 

0.00026 

0.00022 

0.00060 

0.00045 

12 

0.35596 

0.35584 

0.00017 

0.00020 

0.00025 

0.00035 

13 

0.35602 

0.35608 

0.00026 

0.00018 

0.00110 

0.00100 

14 

*0.35607 

0.35596 

0.00015 

0.00017 

0.00040 

0.00040 

15 

0.35592 

0.35574 

0.00025 

0.00015 

*0.00030 

0.00035 

16 

*0.35583 

0.35577 

0.00025 

0.00023 

0.00025 

0.03035 

17 

0.35598 

0.35612 

0.00022 

0.00023 

0.00080 

0.00100 

18 

0.35596 

0.35594 

0.00018 

0.00012 

0.00090 

0.00070 

19 

0 . 35590 

0.35594 

0.00027 

0.00013 

0.00045 

0.00035 

20 

0.35599 

0 . 35628 

0.00014 

0.0002  ’ 

0.00080 

0.00070 

NOTE 

*  -  Denotes  maximal  1 

"  t  mi  ii./.ruai 

value . 

(3)  final  OD  grinding,  including  the  crown.  Silicon  carbide  grind¬ 
ing  wheels  on  a  Royal  Master  Plunge  grinder  were  used  for  stop  one. 
Two  typos  of  whocl  bonds  wore  tried.  A  softer  wheel  producod  only 
sevontoen  rollers  per.  twfl  inch  diameter  of  wheel  removed.  A  hardor 
bond  producod  thirty  t;hrco  rollers  for  the  sumo  amount  of  whool 
material  used.  Tho  goomotry  of  tho  roller  corner  radii  was  good 
und  well  within  tho  print  limits. 

End  grinding  and  honing  are  done  on  a  double  disc  Gardnor 
grindor  whoro  bo tli  ends  are  ground  at  tho  same  time.  Tho  plaanp*’ 
procedure  had  boon  to  uso  silicon  carbide  whools  throughout. 

Honing  with  aluminum  oxide  whools  was  inadvertently  uttomptod 
first  howovor,  but  stock  could  not  bo  removed.  The  oporation  was 
thon  transferred  to  the  end  grinder  whoro  aluminum  oxide  whools 
wore  again  used.  On  tho  second  pass  through  with  thirty  rollors 
in  tho  muguzine,  cracks  wore  obsorvod  on  tho  onds  which  progressed 
to  tho  roller  OD.  Examination  of  tho  rollors  that  had  boon  through 
tho  honor  and  one  pHss  on  tho  end  grindor  showed  that  two  thirds 
of  those  also  hud  crucks.  Of  tho  rollors  procossed  through  tho 
corner  radius  grindor,  only  ono  third  did  not  huve  detoctablo 
crucks.  Of  tho  32  roller  olunks  not  ground,  27  wore  considered 
good,  4  showed  pinpoint  defects  und  one  showed  a  crack.  Tho 
number  of  rollors  loft  without,  doi'oets  wore  below  tho  numbor  needed 
for  proper  size  groupings  to  make  tho  three  bourings. 

It  is  felt  that  the  rollors  fractured  duo  to  tho  very  high 
comprossivo  loading  which  resulted  when  tho  rigidly  mounted 
opposing  aluminum  oxide  whools  did  not  remove  any  stock. 

(c)  bearing  Rollor  Elliot  Testing  -  Rolling  con¬ 
tact  fatigue  rods  wore  taken  from  thb’"sume  billets  us  used  for  tho 
bearing  roller  blanks.  The  tost  results  are  shown  in  Table  XII. 
Note  that  the  rod  identification  is  u  simple  number  indicating 
finish  grinding  by  oroeuduro  #2  which  omitted  tho  320  grit  f  ini  all 
<li union J  grinding  prior  to  tho  final  lapping  oporution. 

The  initial  testing  at  800,000  psi  llortz  stress  on  rods  #7 
und  #8  (from  the  sumo  billot)  producod  reasonable  vuluos.  Further 
testing  at  lowor  llortz  loadings  producod  orrutically  low  results, 
in  this  cuse  regrinding  with  silicon  carbide  pvoducod  further 
deterioration.  Rods  //lb  und  «lb  from  tho  second  billot  guvo  Ini¬ 
tially  poor  results  with  no  improvement  upon  silicon  carbide  re¬ 
grinding.  An  intensive  investigation  into  the  causes  of  these 
poor  and  orrutic  results  was  then  undortakon  as  described  in  tho 
following  section. 
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TABLE  XXI 


Rolling  Contact 

Fatigue  Life  of 

HS-110A  Si-i 

N4 

Bearing  roller 

Flexural 

Rod  Density  Strength 

Identification  gm/co  j-si 

billots 

Calc 

Hert?. 

Load  Stress 

lbs.  psi 

Life 

1000  Cycles 

7 

3.17 

125,700 

325 

800,000 

16,446 

325 

800,000 

33,911 

220 

700,000 

5,530 

100 

540,000 

37,446  S 

150 

610,000 

43,430  S 

220 

700,000 

7,240 

8 

3.17 

125,700 

325 

800,000 

28,363  " 

325 

800,000 

28,997 

325 

800,000 

2,921(1) 

325 

800,000 

1,559 

325 

(300,000 

5,530 

220 

700,000 

628 

220 

700,000 

1,010 

220 

700,000 

1,270 

150 

610,000 

50,674  S 

8 

325 

800,000 

196 

Ro ground  with 

325 

800,000 

152 

Silicon  Carbide 

220 

700,000 

1,908 

220 

700,000 

426 

150 

610,000 

26,368  S 

11 

3.14 

123,200 

325 

800,000 

259 

Billet  not  used 

325 

800,000 

83 

for  rollore 

12 

3.14 

123,200 

325 

800,000 

136 

Dillot  not  UBdd 

325 

800,000 

70 

for  rollers 

13 

3.16 

118,300 

325 

800,000 

223 

Billet  not  used 

325 

800,000 

86 

for  rollers 

325 

800,000 

724 

220 

700,000 

1,347 

100 

540,000 

267 

100 

540,000 

44,978 

14 

3.16 

118,300 

325 

800,000 

328 

Billet  not  used 

325 

800,000 

375 

for  rollore 

220 

700,000 

590 

100 

540,000 

16,886 

220 

700,000 

300 

150 

610,000 

3,146 
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TABLE  XII 
continued 


Calc 

Flexural 

Hertz 

Rod 

Density 

Strength 

Load 

Stress 

Life 

Identification 

gm/  cc 

psi 

lbs . 

psi 

1000  Cycles 

15 

3 .  17 

124  ,ono 

323 

000,000 

As  ■! 

325 

800,000 

1,201 

325 

800,000 

3,871 

325 

800,000 

63 

220 

700,000 

206 

22C 

700,000 

84 

150 

610,000 

53,648  S 

150 

610,000 

3,082 

16 

3.17 

124,900 

325 

800,000 

836 

325 

800,000 

40 

325 

800,000 

636 

100 

540,000 

24,109 

150 

61n ,000 

1,189 

100 

540,000 

15,029 

150 

610,000 

28,610  5 

16 

325 

800,000 

122 

Reground  with 

325 

800,000 

82 

Silicon  Carbide 

220 

700,000 

64 

220 

700,000 

230 

150 

610,000 

750 

150 

610,000 

752 

(1)  Failed  through  surface  defect 
S  Denotes  suspended  test 
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D .  ANAbYSIS  OF  ROLLING  CONTACT  FATIGUE  TEST  RESULTS 
1 .  Int  ro Juction 

This  section  will  deal  with  the  examination  of 
the  RCF  rods  after  fatigue  testing.  Chronologically,  the  RCF  rods 
fell  into  two  groups.  Tho  first  group  is  identified  by  the  letters 
FM  preceding  a  number.  The  second  group  is  designated  by  a  straight 
number.  Taken  us  groups,  tho  first  group  performed  relatively  well 
und  tho  socond  poorly  in  tho  futigue  tosts.  Tho  prime  objective  of 
tho  examination  wus  to  determine  tho  causc(s)  of  the  difference  in 
performance  betwoon  the  two  sots  of  rods.  It  hus  boon  found  con¬ 
venient  and  nutural  to  reference  tho  two  groups  as  the  first  und 
socond  throughout  this  section. 

The  oxuminution  consisted  of  scanning  electron  microscopy 
(SFiM)  of  tho  rod  surfocos,  electron  bourn  probing,  bulk  density 
determinations  of  individual  rods,  light  and  scanning  electron 
microscopy  of  polished  cross-sections.  Tho  experimental  observa¬ 
tions  are  followed  by  a  discussion  and  the  section  ends  with  a 
summary  and  conclusions. 

Table  Xl’II  presents  various  pieces  of  information  concerning 
the  rods  in  this  section.  Included  uro  finishing  data,  density 
values  and  ntrongth  values. 

2 .  Experimental  Observations 

a.  Surface  Chuructcrizutiori  of  the  RCF  rods  with 
tho  Scanning  Hlectron  Microscope  (SHM) . 

Tho  oxtoruul  surfaces  of  eleven  of  the  rods  used  In  the 
fatigue  experiments  wore  examined  in  a  combination  instrument 
containing  an  SFM  und  an  electron  probe.  Tho  surfaces  were  viewed 
at  mngnifJ.  ations  ranging  from  50  to  5000  times  with  500X  being  a 
good  magnification  for  general  comparative  purposes.  (When  magni¬ 
fications  arc  mentioned,  t.ho  horizontal  magnification  of  the  SliM 
photographs  is  being  referenced.) 

i.  Examination  of  Unloaded  Surfaces  -  As  may  be  soon 
from  Table  XIII,  various  rods  received  four  distinctive  final 
finishing  operations.  The  operations  and  corresponding  photo - 
graphs  of  representative  arcus  are  listed  below.  For  two  of  the 
four  finishes  a  second  photograph  was  included  to  show  typical 
details  not  evident  in  the  first. 

(1)  Rough  grinding  with  a  100  grit  diamond  wheel 
followed  by  final  finishing  with  u  320  grit,  diamond  wheel.  The 
circumferential  grinding  scratches  are  readily  visible  as  seen  in 
Figure  16. 

(2)  Preliminary  finishing  the  siune  as  (1)  above 
with  additional  finishing  done  bv  means  of  a  leather  lap  Impreg¬ 
nated  with  diamond  dust,  while  the  rod  rotated  in  a  chuck.  The 
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FIGURE  16  Surface  as  f inishccTwith  a  320  grit  diamond 
wheel.  Rod  B1-1.  500X  SHM 


purpose  of  the  lapping  was  to  reduce  the  rms  surface  roughness* 

As  may  be  seen  in  figures  17  and  18,  this  goal  was  achieved  by  , 

removing  to  a  greater  or  lesser  extent  the  320  grit  scratches.  j 

(3)  Regrinding  with  a  silicon  carbidfc  wheel . 

This  finishing,  present  at  the  time  of  the  SUM  investigation,  was 
done  after  the  rods  were  initially  fatigue  tested  in  their  original 
finish.  Two  o l  the  rods  examined  possessed  this  finish;  FM-7  which 
was  originally  finished  as  in  (2)  above  and  #8  which  was  originally 
finished  as  in  (4)  below.  The  rogrind  consisted  of  removing  less 
than  0.001  inch  from  the  rod.  figure  19  shows  the  appearance  of 
this  finish. 

(4)  The  rods  were  rough  ground  to  cylindrical 
shape  with  a  100  grit  diamond  wheel  and  taken  to  final  finish  by 

a  machine  lapping  procedure  using  4-8  micron  diamond  paste.  4 

figures  20  and  21  portray  the  appearance  of  this  finish.  Occa- 

tional,  fine,  non-ci reumferent ial  scratches,  that  were  produced 

!\'r  the  machine  lapping  method,  are  visible  in  figure  21,  1 

The  above  mentioned  photographs  were  taken  from  areas  on  the 
rods  which  were  not  in  contact  with  the  load-applying  wheels  of 
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MGUlUi  21  Surface  as  finished  by  machine  lapping  "how  lag 
random  lapping  scratches.  Rod  HI  5  500X  SliM 


the  fatigue  test  machine.  There  Tore  they  represent  the  condition 
of  the  surfaces  prior  to  fatigue  testing.  The  four  separate 
finishing  methods  give  rise  to  distinctive  surface  appearances . 

If  the  differences  from  t Ire  frequency  and  orientation  of  grinding 
and  lapping  scratches  are  neglected,  the  appearance  of  the  leather 
lapped  and  t'.io  machine  lapped  surfaces  are  quite  similar,  /in  im¬ 
portant  exception  to  this  general  statement  concerns  rod  W 1 2 . 
figure  12  vhows  an  area  from  this  rod  which  contains  relatively 
largor  and  de<u}o*  pits  than  were  observed  on  other  rods. 

ii.  lix  ami  nut  ion  of  Spalls  -  The  formation  of  a  spull 
in  t.he  load  track  loads  to  automatic  termination  of  a  given  RC1; 
test  run.  lixumples  of  spalls  are  shown  in  figures  2T  through  28. 
There  appears  to  ho  three  modes  of  spall  formation*,  initlutiop  by 
inclusions,  initiation  by  sidowuys  branching  of  a  c ircumferont.5 ul 
crack  and  initiation  from  surface  pits. 

The  first  mode  is  shown  in  figure  24.  Tho  dimpled  region 
just  bolow  tho  center  of  the  photograph  was  found  to  possess  un 
inclusion  rich  in  Mg  and  A1  as  determined  by  tho  electron  probe, 
it  is  maintained  thut  the  crack  of  tiro  spall  was  initiated  ut  tho 
inclusion  as  u  result  of  a  stress  concentration  there.  Inclusions 
Of  similar  c-owy*  ition  have  bceii  found  in  other  studies  of  IlS-ilO 
silicon  nit  ri  (/<*  cuitcr  ial .  Tito  apparent,  point  o¥  fracture  initia¬ 
tion  of  the  spall  surfaces  were  often  examined  with  the  electron 
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1'UiUUli  24  Wear  spall  on  rod  MI-3.  20UX  SUM 

i*'al  lure  heliovod  to  have  h o an  Initiated  from 
inclusion  Just  below  center. 


HCURi;  25  Wear  spull  on  u  '  1M - 1 1 .  500X  SUM 

Note  presence  of  cracks  at  V»uundiiry  of 
loaded  truck. 


probe  in  an  offort  to  dotoct  evidence  for  the  presence  of  inclu¬ 
sions.  In  tho  majority  of  the  cases  an  actual  inclusion  wus  not 
found.  This  is  not  an  uncxpoctod  result,  oven  if  ho  Inclusion 
hud  been  initially  prosont  and  wus  the  cause  of  spalling,  bocause 
mutorioi  is  lost  upon  spalling  und  bocuuso  the  rod  remains  in  con¬ 
tact  with  tho  loudlng  whocls  for  u  few  revolutions  after  spall 
formation.  Occasionally,  a  region  of  a  spall  was  found  vo  possess 
u  diffuse  higher  concentration  of  known  impurity  elements  which 
wore  not  localized  ut  an  inclusion.  In  those  cases  where  an  in¬ 
clusion  was  found,  it  wus  not  always  possible  to  usccrtuln  whether 
tho  inclusion  nucleated  tho  spull  or  whother  it  wus  simply  un¬ 
covered  by  tho  propagation  of  tho  crock  of  the  spall. 

Tho  second  mode  of  spull  formation  is  shown  In  figure  20. 
it  is  believed  tliut  circumferential  crack,  which  intersects  the 
rods  surface  ut  tho  boundary  of  tho  loaded  truck,  bus  branched 
undornouth  tho  loaded  surface,  eventually  producing  tho  spull. 

Tlio  nature  of  boundary  crucks  Is  more  apparent  in  figure  2S,  where 
they  arc  soon  to  parallel  tho  loud  track,  boundary  cracking 
occurs  froquontly  but  is  not  always  responsible  for  a  spall, 
boundury  cracks  may  udjoin  only  one  or  both  sides  of  tho  loudud 
track  and  sometimes  circle  the  rod  for  u  substantial  fraction  of 
the  circumference .  figure  21),  which  is  u  higher  magnification  of 
tho  Id  IS  of  tho  spull  in  figure  25,  shows  that  tho  boundary  crucks 
are  often  layered  und  Inclined  at  an  acute  angle  to  tho  cylin¬ 
drical  surface. 

Tho  relative  importance  of  this  second  mode  of  spull  forma¬ 
tion  cun  not  bo  fully  evaluated.  During  tho  course  of  the  fatigue 
experiments,  some  triuls  wore  terminated  and  the  results  not  used 
because  of  either  known  improper  experimental  tost  conditions  or 
the  failure  of  tho  louding  wheels  to  quullfy.  Insomuch  us  non- 
uniform  loading  could  bo  expected  to  promote  boundury  crucklng, 
some  of  the  spalls  oxuminod  und  shown  could  have  boon  formed  from 
discarded  tost  runs.  Unfortunately,  a  ..Ivon  load  truck  could  not 
always  be  corrolutod  with  its  history  ?ormutlon  at  tho  time 
tho  rod  was  subsequently  examined. 

The  third  proposed  mode  of  spall  formation  involves  the  en¬ 
largement  of  surface  pits  to  an  extent  sufficient  to  nucleate  a 
spall  crack,  figure  30 ,  which  Is  an  enlargement  of  the  feature 
soon  just  above  center  in  Figure  27,  shows  what  is  believed  to  he 
un  embryonic  spall  of  the  third  mechanism.  Tho  termination  of 
;ho  IlCf  trial  oy  the  formation  of  tho  spull  ut  tho  bottom  of 
figure  27,  is  bollevod  to  have  ubortod  its  growth.  Tho  area 
surrounding  tho  void  and  tho  walls  of  tiic  void,  as  far  in  as  was 
possible  to  reach,  wore  extensively  probed  to  find  evidence  of  an 
Inclusion  without  success. 

figure  31  shows  u  portion  of  the  of  a  spall,  the  central 

feature  of  which  could  ho  either  u  o-fice  pit  or  pore.  The  fact 
that  test  lubricant  can  bo  seen  oozing  from  tho  recess,  even  alter 
prolonged  rod  cleaning  in  an  ul t msonicul ly  agitated  acetone  bath, 
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indicutos  thut  the  feature  was  probably  in  existence  during  the 
fatigue  tost.  While  this  locution  couJd  concoivubly  have  been  the 
initiation  point  for  the  spall,  no  fracto^rnphic  evidence  is  avail¬ 
able  to  support  (or  refute)  this  possibility. 

Aside  from  the  evidence  presented  so  far,  direct  evidence  for 
tli is  third  mechanism  is  meager  from  the  o/uminution  that  has  been 
preformed  on  the  spalis  thomsolvos.  Additional  ovidoncc  for  this 
mechanism  will  bo  presented  in  the  noxt  sub-siition  and  the  matter 
will  bo  renewed  in  tho  discussion  section. 

iii.  Examination  of  Load  Trucks  -  Tho  appearance  of 
wear  trucks  of  rods  having  the  four  classes  of  finishing  opera¬ 
tions  ur/  shown  in  Figuvos  32  through  35.  A  comparison  of  these 
photographs  with  tho  corresponding  photographs  (Figures  16  through 
21)  of  rods  having  a  particular  finish  shows  tho  surfuco  altera¬ 
tions  us  u  rosult  of  tho  fatigue  testing. 

Figure  32  shows  tho  worn  truck  of  tho  rod  whoso  final  finish 
wus  produced  with  a  320  grit  wheel.  As  u  rosult  of  tho  wear,  the 
grinding  scrutchos  are  snorter  und  their  finite  length  is  now 
apparent  ut  this  magnification.  Somo  fine  scale  wear  has  produced 
u  pattern  of  small  elongated  pits  whoso  major  axis  is  perpendicu¬ 
lar  to  the  direction  of  rod  rotation  (and  to  the  axis  of  tho 
grinding  scratches) .  This  latter  structure  can  bo  seen  more 
clearly  ut  tho  higher  magnification  of  Figure  36.  In  addition  to 
tho  pits,  u  fine  sevios  of  stops,  porpondlculur  to  the  rolling 
direction,  is  also  evident.  A  comparison  of  Figure  36  with 
Figure  37  of  an  unloaded  rogion  at  the  sumo  magnification  suggests 
that  tho  growth  of  tho  elongated  pits  may  huvo  loon  assisted  by 
tho  removal  of  strongly  disturbed  mutoriul  between  udjucont 
grinding  scrutchos. 

Tho  wour  track  of  u  rod  finished  with  tho  loathor  lap,  shown 
ii  Figure  33,  again  indicutos  minute  weur  by  the  almost  complete 
disappearance  of  any  traces  of  grinding  scratches.  A  comparison 
of  loaded  urous  (Figures  33  und  38)  with  unloadod  urons  (Figures 
17  und  18)  shows  thut  littlo,  if  any,  growth  of  tho  pits  has 
oocurod  as  a  result  of  fatigue  testing. 

The  wour  truck  of  u  rod  which  had  been  reground  with  u 
silicon  carbide  wheel  is  shown  In  Figure  34.  Although  tho  rc- 
grind  produced  tho  finish  with  tho  smoothest  ureas,  tho  smooth 
ureas  ore  «o«n  to  consist  of  a  burnished  layer  which  is  partial Ly 
rumovud  by  the  application  of  a  load.  Tho  removal  of  the  surface 
skin  implies  un  alteration  of  tho  surfaco  properties  during  re- 
grinding.  However,  this  treatment,  did  not  significantly  uffect 
the  performance  of  the  so  finished  rods,  which  hod  boon  previously 
tostod  with  their  original  finishes. 

A  very  distinctive  feature  of  wear  tracks  on  tho  rods  of  the 
second  group  are  largo  pits.  An  example  is  shown  in  Figure  35. 
Although  this  urea  Is  from  the  samo  rod  (#12)  thut  had  largo  pits 
on  Its  unloadod  surfaces,  the  size  of  the  load  track,  pits  uro 
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considerably  larpor*  as  a  comparison  of  Pinures  s!>  and  22  shows. 
Nor  are  these  larjje  pits  unique  to  Hod  /M2.  Other  instances  o  r 
laryto  pit  development  may  be  seen  in  Figures  27,  3i>  and  'Id,  The 
development  of  tlieso  lan»c  pits  has  been  observed  only  on  the 
second  n roup  of  rods  and  Is  believed  to  be  relaud  to  the  failure 
mechanism  of  this  rod  yroup.  That  the  pits  enlarge  under  the 
action  oj  the  applied  load  is  clearly  shown  in  1* inure  27. 

b.  Rod  density  Determination*  The  physical  densities 
of  the  majority  of  the  HOP  rods  was  measured  by  a  water  displace* 
mont  method,  wltn  eorrcctions  for  water  temperature.  The  dens i t le 
are  recorded  in  Table  XI  1.  In  addition,  the  densities  of  three  ul' 
the  rod:-  were  remeasured  by  a  more  accurate  method:  pycnomet  ry  wit 
xyler.e  as  the  immersion  fluid.  The  duplicated  del  ■*  rml  n;i  t  i  ons 
agreed  to  within  0.01  p,/cm4. 

Is  is  seen  that  the  density  of  Rod  0 1 1  was  very  low.  The 
average  density  of  the  billet,  from  which  this  rod  was  cut*,  wu>. 
3.14  Un  fort  imate  ly ,  the  billet  possessed  a  considerable 

density  variation  and  tbo  rod  was  excised  from  a  low  density  por¬ 
tion  of  it. 

c.  I  xam-ina  t  ion  of  Polished  Sections  -  Circular  cross - 
sections  of  rods  w12,  #8,  I'M  -  7  and  I-'M-IO  were  polished  for  micro- 
structuvul  examination.  As  the  primary  purpose  of  the  examination 
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wus  to  ascertain  the  porosity  content,  the  samples  wore  not  etched. 
Iixami  nation  was  by  optical  and  scanning  electron  microscopy. 

Figures  41  through  44  wore  taken  by  a  phase  interference  con¬ 
trast  method  of  the  four  respective  cross-sections.  All  samples 
wore  found  to  contain  some  porosity.  The  porosity  in  tho  photo¬ 
graphs  shows, (with  difficulty)  os  rolativoly  large  white  spots, 
often  with  a  black  speck  ut  tho  bottom  o*  the  poro  as  a  rosult  of 
tho  light  interference.  The  photographs  are  not  of  representative 
areas,  as  selected  aroas,  which  contained  porosity,  had  to  bo 
found. 

Figuros  4SA  through  48A  are  randomly  soloctod  views  of  tho 
four  sections  taken  in  piano  polarized  light.  Figures  4 SB  through 
48D  woro  tukon  with  cross -polarized  light  of  the  same  corresponding 
ureas.  As  a  rosult  of  tho  ability  of  cross -polarized  light  to 
penetrate  tho  surface  und  rondor  visible  sub-surface  dotuil,  tho 
luttor  series  of  figures  onublos  ono  to  obtain  un  idea  of  tho 
sculo  of  tho  microstructuro  and  a  measure  of  tho  material's  uni¬ 
formity. 

'  **  -  ^  » . , 

Duo  to  th <?  general  inadequacy  of  the  light  microscope  pic¬ 
tures  to  clearly  delineate  the  porosity,  an  SUM  wus  used  for  this 
purpose.  Figure  49A  of  rod  #12  shows  tho  porosity  us  tho  lurgor 
white  spooks.  Tho  contrast  is  obtained  lurgoly  as  a  result  of  the 
presence  of  elements  of  widely  different  atomic  numbers  which  have 
different  yields  of  secondary -eloctron  production.  The  silicon 
nitride  uppours  dark  while  locutions  of  houvior  olomohts  uppour 
light.  Load,  from  u  load  lap  usod  in  tho  polishing  operation ,  "h,\V 
collected  in  tho  pores  und  effectively  servos  to  signal  their 
locution.  Tho  smulior  white  specks  are  small  inclusions  contain¬ 
ing  primarily  cither  tungsten  or  iron.  Figure  491)  is  un  enlarged 
viow  of  tho  poro  in  tho  upper  left  corner  of  Figure  49A. 

Figures  50>.nl  und  S2  show  porosity  in  tho  Remaining  throe 
cross -sections .  The  Impuctod  lead  has  been  removed  from  tho  pores 
of  those  samples  by  ultrusonlc  cleaning.  Poro  contrast  is  uohlovod 
primarily  by  eh urges  in  surface  contour.  The  pores  are  generally 
lighter  at  tho  bottom  of  the  photographs  than  ut  tho  top.  White 
specks,  representing  Inclusions  of  tho  houvior  elements,  eve  still 
present . 


3.  Discuss  ion 

a.  Introduction  -  Tito  sharp  change  In  fatigue 
lifo  betwoon  tho  two  main  rod  groups  is  an  experimental  fact.  It 
Is  tho  purpose  of  this  discusuion  to  clurify  the  reasons  lor  this 
observed  shift.  Any  uttempt  to  explain  the  difference  In  futlguo 
USo  between  the  two  groups  should  do  so  on  a  grdup  basis  because 
tho  9CF  results  vuriod  on  a  group  basis.  The  probability  thut 
the  relative  success  of  each  utul  every  rod  must  bo  explained  on 
t.)u>  basis  of  its  unique  characteristics  is  low.  It  Is  more  prob¬ 
able,  simpler,  und,  us  we  ahull  sue,  possible  to  adequately  oxpluin 
the  fatigue  lives  on  u  group  basis. 
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There  are  two  alternatives  to  doing  so.  Either  the  material 
properties  of  the  rods  in  the  second  group  were  significantly  in¬ 
ferior  or  there  was  a  consistent  change  in  a  variable  unrelated 
to  the  material  itself.  Given  that  there  were  no  significant 
changes  in  the  experimental  fatigue  testing  of  the  rods,  the 
search  for  the  material  independent  variable  is  narrowed  to  a 
processing  step  subsequent  to  billet  manufacture.  The  central 
questions  to  be  answered  by  this  discussion  are:  (a)  Was  the  bc- 
havorial  shift  caused  by  a  change  in  the  basic  material  or  by  a 
processing  variable?  and  (b)  What  was  the  critical  difference? 

b.  Lack  of  Evidence  for  a  Systematic  Change  in 
Material  Characteristics  of  the  Rods  -  Table  XIII  includes  a  re¬ 
view  of  the  bend  strengths  of  the  source  billets,  the  billet  den¬ 
sities  and  individual  rod  densities.  A  comparison  of  billet  and 
corresponding  rod  densities  leads  to  the  conclusion  that  some 
billets  (specifically,  the  sources  of  rods  #12  and  FM10)  possessed 
significant  density  variations.  It  is  known  that  some  early  manu¬ 
factured  billets  had  low  density  centers  and  presumeably  the 
questionable  bi.  l'cts  arc  of  this  category. 

Porosity  content  and  tungsten  concentration  account  for  most 
of  the  variations  in  rod  densities.  An  increase  in  one  volume 
percent  porosity  decreases  the  density  by  approximately  0.03  g/cc, 
while  a  one  weight  percent  increase  in  tungsten  content  raises  the 


density  by  roughly  0.03  g/cc.  No  systematic  attempt  has  boon  inode 
to  explain  individual  rod  density  variations  on  tho  basis  of  tho 
rolativo  weight  of  tho  two  factors.  Tho  limited  examination  of 
polished  cross •auctions  in  this  study  und  other  studios  on  similar 
mutoriul  indicate  that  tho  moro  variable  factor  is  tungsten  con¬ 
tent.  With  the  oxcoption  of  rod  #12,  tho  other  rods  in  Taiilo  Xll 
are  rolt  to  have  acceptable  densities. 

Rod  #12  was  found  to  bo  consistently  abnormal  throughout  this 
investigation.  Its  density,  porosity,  surfaeo  pit  density  und 
sculo  of  inicrostructuro  ora  sufficiently  different  to  mark  it  as 
a  spociul  csso.  Rod  #11  was  cut  from  the  same  billot  as  #12,  and 
although  not  included  into  present  study,  is  judged  to  he  of 
simi lur  mutoriul . 

Tho  surfuco  integrity  of  t'o  RCF  rods,  #11  and  PM-6  was  in¬ 
vestigated  by  un  external  laboratory  with  tho  use  of  a  krypton 
gas  absorption  technique.  Tho  technique  consists  of  promoting 
tho  absorption  and  moehunicul  dntYupmont  of  the  radioactive  gun 
onto  u  surface.  Surface  discontinuities,  such  us  crucks  or  pits, 
which  harbor  a  gvoutar  gas  concentration,  cause  greater  exposures 
on  u  contacting  photogruphic  fJlm.  By  means  of  this  technique, 
tho  density  of  surfuco  sites  of  high  gas  ubsorptiou  was  found  to 
ho  approximately  twice  up  grout  on  rod  #il  as  on  rod  FM-6.  Rods 
#12  and  PM-4,  used  in  tho  present  study  uro  sister  rods  to  tho 
rods  #11  und  PM*(i,  respectively.  Tho  indication  of  th-  krypton 
gas  toclmiquo  that  rod  #11  hud  a  higher  density  of  sui  >co  dis¬ 
ruptions  Is  in  qualitative  agreement  with  tho  findings  of  this 
study  that  f u)  Its  sister  rod  pos-sossod  u  higher  density  ol’  pits 
on  its  as-finished  surfuco  und  (b)  its  sister  rod  hud  an  abnor¬ 
mally  high  porosity  content. 

One  criterion  used  to  certify  tho  accent ub i lily  of  u  billet 
was  a  sumpling  of  its  bond  strength.  To  achieve  cert  1 flcatlon, 
the  uvorago  strength  In  three  point  bending  hurl  to  oxcood  100,000 
psl.  This  criterion  was  sutlsflod  for  all  billots.  However, 
there  uro  some  indie  ions  that  the  sampling  statistics  were 
inadequate  for  bill-  containing  appreciable  density  variations. 
In  particular,  it  appears  that  the  strength  values  reported  for 
th e  billots  from  which  rods  #12  and  PM-10  wore  removed  were  not 
representative  of  the  material  in  tho  rods  themselves.  It  Is 
will  known  that  ceramic  strength  is  inversely  related  to  porosity. 
The  very  low  density  ui  rod  #12  does  not  square  with  the  respect¬ 
able  strength  recordod  for  its  mother  billet.  Tho  strength  is 
more  in  accord  with  the  reported  density  of  the  billet,  rather 
than  that  of  the  rod.  On  tho  ocher  hand,  rod  PM - i 0  had  un  ubove 
uvorago  density.  The  leportod  strength  for  the  mother  billet  is 
slightly  bolow  uveruge  and  is  more  in  accord  . th  the  overall 
billet  density.  Tho  relative  porosity  content  of  rods  #12  und 
PM -It)  wa^  examined  by  the  use  of  polished  sections  end  found  to  be 
consistent  v  th  the  relative  rod  densities. 
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The  aforementioned  large  billet-rod  density  discrepancies 
and  the  related  strength  variations  are  exceptions  rather  than 
the  rule.  There  is  no  indication  from  the  bulk  of  the  density 
or  strength  values  that  the  material  used  in  the  second  group  of 
rods  was  consistently  inferior  to  that  of  the  first  group.  The 
cross -polarized  light  micrographs  of  the  rod  micros tructutes  also 
fail  to  show  a  group  distinction.  It  is  therefore  concluded  that 
the  difference  in  group  fatigue  behavior  is  not  material  related. 

c.  Role  of  Surface  Finishing  -  Attention  is  now 
focused  on  the  methods  used  to  finish  the  rods.  The  most  striking 
finishing  difference  between  the  two  rod  groups  is  that  in  only 
the  first  group  was  a  320  grit  diamond  wheel  used  in  an  inter¬ 
mediate  step  (final  step  for  the  case  of  FM-1)  for  the  production 
of  the  original  finish.  In  the  cases  where  the  320  grit  wheel 
was  not  used,  a  final  lapping  operation  followed  the  rough  grind¬ 
ing  with  a  100  grit  wheel.  It  is  maintained  that  the  omission 
of  the  intermediate  finishing  step  allowed  residual  grinding 
damage  to  persist  on  the  rods  and  that  this  damage  directly  led 
to  early  fatigue  failure. 


Although  it  is  generally  acknowledged  that  ceramic  strength 
is  strongly  dependent  upon  surface  perfection,  until  recently 
relative  few  studies  have  been  published  which  relate  strength 
to  suridce  condition  for  crystalline  ceramics.  A  recommended 
literature  source  for  work  in  this  area  is  the  proceedings  of  the 
1970  conference  held  at  the  National  Bureu  of  Standards. ^ 
Experimental  work  in  this  area  has  been  hampered  by  (a)  the  com¬ 
plexity  of  the  damage  which  gives  rise'to  a  difficulty  in 
characterizing  it  and  (b)  the  difficulty  in  obtaining  reproduce- 
able  damage.  The  use  of  grinding  or  other  multi -body  abrasion 
processes  to  prepare  the  test  surface  significantly  simplifies  the 
second  difficulty  by  producing  a  sufficiently  high  density  of 
defects  so  that  inter-sample  variations  are  minimized.  This  ad¬ 
vantage  is  partially  offset  by  the  uncertainty  in  the  nature  of 
the  damage . 

Time  and  budget  considerations  did  not  permit  an  extensive 
study  of  the  RCF  rod  failures.  However,  an  explanation  for  the 
change  in  RCF  behavior  between  the  two  groups  of  rods  may  be  made 
on  the  basis  of  the  present  observations,  known  characteristics 
of  the  material  and  reports  from  the  literature.  Published  studies, 
relavant  to  the  explanation,  will  now  be  discussed. 


The  surface  roughness  of  ceramics,  as  measured  by  an  instru¬ 
ment  such  as  a  profilimeter ,  does  not  correlate  well  writh 
strength^* 4.  There  are  two  fundamental  reasons  why  this  is  true. 
Firstly,  the  large  size  of  the  stylus  tip  in  relation  to  the  size 
of  many  strength  controlling  defects  precludes  an  accurate  rendi¬ 
tion  of  relevant  surface  features.  Secondly,  most  roughnesses 
are  expressed  in  some  averaged  form.  From  a  strength  viewpoint, 
a  single  surface  defect,  appropriately  located,  on  a  brittle 
material  is  essentially  equivalent  in  severity  to  a  high  density 
of  similar  defects.  For  the  above  reasons,  it  is  not  surprising 
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that  the  performance  of  t lie  rod  with  the  roughest  surface  (rod 
FM - 1  which  was  finally  finished  with  a  320  grit  wheel)  was  not 
inferior  to  the  majority  of  the  other  rods. 

A  case  of  the  insensitivity  of  the  strength  of  alumina  as  a 
function  of  surface  preparation  lias  been  observed  by  researchers 
at  Southern  Research  Institute  .  Of  particular  interest  is  their 
findings  for  metal lographical ly  polished,  low  rms  finishes.  The 
strengths  of  these  polished  samples  was  very  similar  to  that  of 
rough  ground  samples.  A  microscopic  examination  of  the  polished 
surfaces  showed  remnants  of  prior  damage.  An  explanation  for  the 
insensitivity  of  the  strength  is  that  insufficient  material  had 
been  removed  in  the  polishing  operation  to  reach  the  roots  of  the 
initial  damage  which  continued  to  control  strength. 

The  preparation  of  polished  samples  provides  a  relevant 
example.  The  importance  of  removing  prior  surface  damage  before 
proceeding  to  a  successively  finer  scale  abrasion  removal  process 
in  order  to  obtain  high  quality  polishes  is  well  known  to  metal¬ 
lographers.  Extra  care  must  be  taken  with  ceramic  specimens  to 
prevent  pull-out  artifacts  as  a  result  of  the  inability  of  these 
materials  to  relieve  stress  concentrations  by  plastic  flow. 

Figure  53  shows  a  micrograph  of  a  scratch  on  polished  silicon 
nitride.  Associated  with  the  scratch  is  pitting  damage  initiated 
by  the  high  Hertzian  stresses  when  the  scratching  grit  was  dragged 
across  the  sample's  face. 


FIGURE  53  Grinding  scratch  with  associated  pitting  damage 
on  polished  silicon  nitride.  500X  SEM 
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The  difference  in  RCF  behavior  b 
explained  as  follows.  Rough  grinding 
grit  wheel  introduces  surface  damage 
the  damage  is  not  removed  by  standard 
the  damaged  surfaces  are  subjected  to 
•v  <  tli  ;'o  RCF  xpci  lacnt,  the  damage  s 
nuclei  for  crack  formation.  The  resu 
removal  of  the  relatively  deep  100  gr 
grit  grinding  removes  the  large  nucle 
formation . 


ctween  the  two  rod  groups  is 
silicon  nitride  with  a  100 
of  sufficient  severity  that 
lapping  procedures.  When 
the  high  stresses  associated 
ites  act  a pre -ev > ^ ting 
It  is  early  failure.  The 
it  damage  by  subsequent  320 
i  necessary  for  surface  crack 


Under  this  interpretation,  the  lack  of  a  significant  visual 
difference  between  the  lapped  surfaces  that  were  and  were  not 
prefiously  ground  with  a  320  grit  wheel  is  attributed  to  the  dif¬ 
ficulty  of  spotting  fine  scale  damage  on  a  roughened  surface. 

The  invariant  RCF  results  obtained  before  and  after  regrinding  with 
a  silicon  carbide  wheel  are  explained  on  a  non -materi als  related 
basis.  For  the  rods  which  performed  poorly  before  and  after  the 
regrind,  it  is  believed  that  the  damage  pre-cxistant  to  the  re¬ 
grind  persisted  as  a^result  of  either  (a)  insufficient  stock  re¬ 
moval  to  erase  the  pxior  damage,  or  (b)  the  further  propogation 
of  damage  as  a  result  of  the  rather  severe  grinding  conditions 
associated  with  the  regrind.  The  ability  of  a  crack  to  be  con¬ 
tinuously  propagated  into  the  work  duringxgrinding  has  been 
observed  in  grinding  sensitive  steels.  For  those  rods  which 
performed  well  after  regrinding,  it  is  believed  that  the  regrind 
was  not  sufficiently  severe  to  introduce  new  damage  onto  a  rela¬ 
tively  undamaged  surface.  ^ 

The  presence  of  relatively  large  pits  in  the  wear  tracks  of 
the  second  group  of  rods  and  their  absence  from  the  first  group 
is  believed  to  reflect  the  differences  in  finishing  damage  between 
the  two  groups.  The  pits  are  believed  to  be  the  sites  of  espe¬ 
cially  severe  damage.  That  the  pits  grow  during  loading,  there 
is  no  question.  The  proposed  main  method  of  spall  formation  for 
the  second  group  of  rods,  that  is  the  transition  from  grinding 
damage  to  pit  to  spall,  is  mechanistically  different  from  that 
believed  to  be  operative  in  the  first  group.  If  the  same  mechan¬ 
ism,  but  with  a  different  incubation  time,  were  operative  in  the 
first  group,  large  pits  should  also  be  observed  in  their  wear 
tracks.  There  were  none.  The  kinetics  of  spall  formation  for 
the  two  groups  is  consistent  with  a  two  mechanism  interpretation, 
with  a  surface  mechanism  having  the  faster  kinetics.  The  suggested 
main  mechanism  of  spall  formation  for  the  first  group  of  rods  is 
crack  nucleation  and  growth  at  inclusions.  Although  an  insuffi¬ 
cient  number  of  spall  initiation  points  were  conclusively  identi¬ 
fied  for  a  firm,  statistically  significant  judgement,  it  is  the 
author's  opinion  that  more  of  the  spalls  on  the  longer  lived  rods 
were  associated  with  inclusions  than  were  the  spalls  on  the 
shorter  lived  rods. 

It  has  been  remarked  that  rod  #12  was  atypical  as  a  result 
of  its  large  porosity  content.  The  unique,  large  pits  that  were 
present  on  t la c  as  finished  surface  of  this  rod  are  probably 


71 


exposed  porosity.  The  pores  themselves  arc  expected  to  act  as 
sources  for  cracks  during  loading.  In  such  an  event,  the  RCF 
performance  would  be  independent  of  surface  finish  processing. 

4 .  Summary  and  Conclusions 

An  investigation  was  undertaken  to  clarify  the 
cause(s)  of  variations  experienced  in  the  fatigue  life  of  the  RCF 
rods.  The  investigation  consisted  of  (a)  surface  characteriza¬ 
tion  of  the  RCF  rods  by  means  of  a  scanning  electron  microscope- 
electron  probe  combination  instrument,  (b)  a  determination  of 
individual  rod  densities  and  (c)  an  examination  of  polished  cross 
sections  of  selected  rods  by  light  and  scanning  electron  micro- 
s  copy . 

The  information  yielded  by  this  study  was  combined  with  othe 
known  information  on  the  silicon  nitride  material  to  reach  the 
following  main  conclusions. 

(1)  The  discrepancy  in  fatigue  life  between  the  two 
chronologically  separable  rod  groupings  is  believed  to  be  trace¬ 
able  to  a  change  in  rod  finishing  procedures. 

(2)  The  critical  difference  in  finishing  procedure 
is  believed  to  be  the  use  or  omission  of  an  intermediate  grinding 
operation  with  a  320  grit  diamond  wheel  subsequent  to  rough  grind 
ing  with  a  100  grit  wheel.  Failure  to  include  the  320  grit  grind 
leaves  residual  rod  surface  damage  which  then  controls  fatigue 
life  by  acting  as  nuclei  for  crack  formation. 

(3)  The  reduced  fatigue  lives  could  not  be  explained 
on  the  basis  of  a  consistent  degradation  in  material  character¬ 
istics. 

(4)  Excessive  material  porosity  can  result  in 
shortened  RCF  life,  as  was  found  for  an  anomolus  rod. 

(5)  Insomuch  as  the  prime  failure  mechanism  in  suf¬ 
ficiently  dense  and  properly  finished  silicon  nitride  RCF  rods  is 
believed  to  be  inclusion  initiated  spalling,  an  increased  fatigue 
life  may  reasonably  be  expected  from  rods  made  with  a  silicon 
nitride  material  that  is  more  free  of  inclusions. 

E.  REPLACEMENT  BEARING  ROLLERS 

The  roller  grinding  problem  caused  the  testing  of  the  full 
roller  bearing  to  be  postponed.  However,  preparation  to  test 
bearings  is  proceeding  utilizing  the  knowledge  gained  in  surface 
studies  and  full  bearing  tests  are  scheduled  during  the  next  re¬ 
port  ing  period. 

A  new  group  of  RCF  test  rods  have  been  finished  by  procedure 
which  include  a  320  grit  diamond  wheel  grind  prior  to  final  lap¬ 
ping.  Very  preliminary  RCF  tests  results  (falling  in  the  next 


report  Inn  period)  indicate  performance  in  the  rung?  of  the  original 
screening  results. 

It  is  planned  to  proceed  with  fabrication  of  now  rollers  by 
similar  stepwise  diamond  grinding  procedures  v*fh  only  tho  final 
crowning  opcrutxtstv  ^.formed  by  Sit;  grinding. 


V .  CONCLUSIONS  AND  PHCQMMliN PATTONS 

A .  Conclusions 

High  strength  fully  dense  silicon  nitride  uppours  to  bo 
the  must  promising  corumic  for  evaluation  In  bouvlly  loaded  rolling 
contact  bearing.  Under  certain  conditions  In  rolling  contact 
fatigue  testing  lives  approximately  throe  times  those  for  OVM  M*50 
are  obtained.  However,  performance  In  an  actual  rolloi  huuring 
has  yet  to  bo  determined. 

ill  1  icon  nltrSiie  appears  to  ho  a  unique  ceramic  In  that,  it 
fails  l>y  spalling  in  u  manner  very  similar  to  bearing  stool 
failures  rather  than  by  catastrophic  cracking. 

Tho  surface  condition  of  silicon  nitride  appears  critical  to 
veiling  contact  fatigue  life.  Surface  preparation  should  Lnclude 
a  320  grit  diamond  grinding  operation  to  remove  any  sub -surface 
damage  done  by  coarser  grit  wheels  prior  to  any  final  lapping 
operation. 

Porosity  and  inclusions  provide  points  of  crack  nucieatlon 
and  their  reduction  In  silicon  nitride  should  result  in  increased 
po  r.fo  nuance . 

B,  Recommend at  ions 

1.  Pull  bearing)  bo  fabricated  and  run  as  originally 
planned.  ‘Silicon  nitride  bearing  rollers  be  fabricated  as  nearly 
as  possible  by  diamond  grinding  with  only  the  roll  crown  added  by 
silicon  carbide  grinding. 

2.  The  postulation  that,  grinding  damage  was  the 
principal  cause  of  poor  rolling,  contact  fatigue  life  of  certain 
rods  1)0  validated  by  furthor  testing  of  reds  with  what  is  believed 
to  be  tho  optimum  surface  preparation  procedures. 


APPENDIX  I 


Ceramics  In  Rolling  Contact  EoftTiugs  -  Prior  Work 


Crys tullizod  glass  (Pyrocorum)  ceramic  was  examined  by 
Zarotsky  und  Anderson5  for  possible  use  in  high  temperature 
applications.  While  tho  failure  mode,  a  spall,  was  similar  to 
that  experienced  with  bouring  steels  and  the  scatter  In  life 
to  failure  was  much  loss  than  that  exporioncod  with  hearing 
stools,  tho  so-called  Lio  of  the  materiul  was  loss  than  10  porcont 
of  thut.  of  boaring  stools.  Appledoorn  and  RoyloO  confirmed  those 
results  in  a  later  publication.  Those  two  studios  as  woll  us 
others  with  crystallised  glass  including  that  by  Curtor  and 
Zurotsky'  indicute  thut  it  the  Ljq  wero  at  least  equivalent  to 
that  of  bearing  stools,  ceramics  would  bo  desirable  because  of 
tho  reduction  In  scatter  of  life  to  failure  (assoe'atod  with 
tho  ubfetevo-  of  foreign  inclusion)  und  bocauso  of  tho  accept ublo 
mode  of  failure.  Crystallized  glass  perhaps  wus  not  a  good 
candidate  hocuuso  of  its  low  st. rongth -modulus  of  rupture  Is 
loss  than  40,000  pal®  -  und  low  hardness  -  approximately  5.1 
Rockwell  C  as  reported  in  Ref.  5.  In  fact,  if  one  can  extract 
ono  of  the  more  basic  tonots  of  metal  boaring  practice,  tho 
crystallized  glass  would  now  not  be  considered  bocauso  of  its 
relatively  low  hardness. 

Purker  ot  al^  conducted  studies  with  throe  ceramics  und  one 
cermet  for  rolling  contact  applications  with  tho  objective  being 
high  tomporuturo  bearings.  Tho  corumic  materials  wore  hot-prossod 
und  cold-pressed  alumina,  both  ninety -nine  percent  pure,  und  u 
two-phuso  sintered  siiicon  carbide.  This  work  was  one  ol'  many 
that  involved  evaluation  of  aluminas,  und  KT  silicon  carbide,  tho 
lattor  manufactured  by  tho  Carborundum  Company.  Its  results  were 
representative  of  othor  work  dono  and  included  fivo-bull  tests  ut 
room  romperuturo.  Once  uguin,  life  to  failure  for  ceramics  was 
found  to  havo  loss  scatter  than  that  for  bearing  stools,  but  the 
Lio  of  the  bost  material  was  only  7  percent  of  that  of  bearing 
steels.  The  mode  of  failure  was.  u  spall  but  attributed  to  a 
surfuco  condition  rather  than  subsurface  stresses.  Ilot-prossod 
uluininu  performed  the  licet  of  tho  throe,  und  this  better  perform¬ 
ance  was  related  to  minimum  porosity,  and  thus  bettor  surface 
finish  und  homogeneity. 

In  another  study,  Taylor  et  al^  evaluated  hot -pressed 
silicon  carbide  und  hot -pressed  alumina  for  service  above  1000° f;, 
well  ubove  the  operating  temperature  of  conventional  liquid 
lubricants.  Unfortunately,  roiling  contact  evulu  itions  wove  not 
conducted  in  "standard"  bearing  environment. 

A/ore  recently,  .Scott  ct  al**  conducted  very  preliminary 
four-ball  tests  with  silicon  nitride.  While  the  results  of  these 
tests  with  the  hot  pressed  form  of  silicon  nitride  was  somewhat 
disappointing,  the  authors  concluded  further  work  with  this 
material  was  in  order.  There  is  reason  to  believe  that  hot  - 
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pressed  silicon  nitride  the  authors  ovuluutod  was  substandard, 
as  tho  reported  hardnesses  on  specimens  were  close  to  a  full 
twelve  hundred  points  lower  on  tho  Vickers  scale  than  that  found 
with  hoi  pressed  silicon  nitride  produced  by  Norton  Company.  In 
udditJon,  tho  authors  failed  to  character 1  to  tho  prude  of  hot 
pressed  silicon  nitride  tested  in  terms  o'-  stronpth,  density,  and 
other  important  properties.  The  micros  true,  tu  re  of  the  specimens 
exhibited  extensive  porosity. 

Parker  and  Zarotsky^  presented  preliminary  results  evalua¬ 
ting  silicon  nitride  ut  800,000  psi  Hertz  stress  in  a  NA.'iA  five 
hull  rip.  Tito  fatipuo  spall  in  the  silicon  nitride  resembled 
those  in  typical  hearing  stools.  The  load  capacity  while  approxi¬ 
mately  one-third  that  of  typical  bouvlnps  steels  was  slpnlflcuntly 
hlpltor  than  previously  tested  ceramic  materials  for  roll  lap 
element  hear  laps, 

Prom  tho  above  mentioned  studios,  one  can  conclude  that 
ceramics  which  provide  hotter  per L‘ormui.Cij  are  those  wlvlO'  have 
very  low  to  zero  porosity,  have  a  single  homogeneous  piV./A',  and 
exhibit  a  lundnt’ss  ut  least  equivalent  to  heat  treated  bourlnp 
steel , 
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APPENDIX  II 

«CP  Dtrass  Calculation 

o  Max.  -  Cg  Cd  3/p 
j£/3 
M 

Whora  o  max.  •  Max.  Hart*  Contact  Stress,  p»j.  (not  lubricated* 
P  •  Load  in  Pounds 

L  “  1  1  Yl2  +  l  -  Ya2 
Bl  E2 

Wharo  E^,  E2  oca  MOE  of  Matorialu 
^1/  Yj  are  Poiwuon'n  nation 

M  •  L.  +  L.  +  +  L- 

D1  d2  Dll 

Whore  d'b  are  Di ama t ora 
Sq  •  •  Geometric  Parameters 


EXAMPLE i 


7"  Diameter  stool  wheels, 
0.375"  Diameter  utoal  bar, 

Bx  -  Ej  ••  30  x  10*  pal 


0.50  diameter  crown 
00  diameter  crown 


Yl  fc.  Y2  -  0.29 


am  -  Cq  Cd  Vp 

L  2/3 
~W 

L  “  6.16  x  10“® 
M  «  4.803 


om  »  .71  x  .79  P1/3 
5.5  x  10’® 


«  1.02  x  105  pl/3 


Log  a  max.  -  Log  1.02  x  105  +  1/3  Log  P 

Whan  P  -  100  Lbs.  o  max.  «  475M  psi 

When  P  »  1000  Lbe .  o  max.  *  1,020M  psi 


I 


j 


4 
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